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Abstract
As additive manufacturing becomes widely adopted for prototyping and part 
manufacturing, the need for controlling quality becomes crucial for this technology 
to continue its development in the manufacturing industry. Many studies over the last 
decade have been conducted to find suitable means to gauge and improve accuracy 
and performance for additive manufacturing systems. Prior research has experimented 
with benchmark tests, printer calibration, standardized test targets, and performance 
optimization based on critical printer parameters to find solutions to this problem.
The goal of this study was to investigate the effect of printer parameters 
on dimensional accuracy through the most fundamental element of the printer, its 
addressability. The experiment utilized a simple test target comprised of raised lines that 
was the smallest line addressable for this analysis. Defined by the design of experiment, 
the factors investigated were: cooling fan speed (1500 RPM and 5100 RPM levels, nozzle 
temperature (175º C and 200º C levels), and platen temperature (45º C and 70º C levels). 
Test targets comprising of eight combinations of these factors and levels were printed and 
replicated.
The sixteen test targets were three-dimensional imaged with an optical 
microscope for data collection. Five cross-sectional profiles were sampled from each 
x
test target in order to record line heights and widths of the printed parts for analysis. 
After careful data extraction and coding, 720 meaningful data points were used within 
an Analysis of Variance test for the response variables. The results showed platen 
temperature and cooling fan speed had an influence on the ∆H response variable. Both 
factors had low p-values of 0.010 and 0.058 respectively which means the null hypothesis 
can be rejected. As for the response variable ∆W a, the nozzle temperature and cooling fan 
speed had an influence. Both factors had low p-values of 0.000 and 0.023 respectively 
which means the null hypothesis can be rejected.
This research found these parameters to be significant when operating a fused 
deposition modeling system and will impact the part being produced. Therefore, this 
work expands upon previous parametric studies and demonstrates to the additive 
manufacturing industry the importance of characterizing the operating temperatures and 
cooling fan speeds of their systems. This study shows certain fan speeds and temperatures 
affect dimensional accuracy and certain values will produce fewer deviations in the 
part’s dimensions. The researcher believes this work will help others in the additive 
manufacturing industry optimize their fused deposition systems and future research can 
be conducted to further expand this line of experimentation.
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Chapter 1 
Introduction and Statement of the Problem
Over the last decade, direct part production by additive manufacturing (AM) 
systems grew at a rapid rate. According to Wholers Association (2013), the total product 
and services revenues from additive manufacturing virtually increased from nothing 
to 28.3%. As shown in Figure 1, revenues of part production by AM systems grew 
from 3.9% in 2003 to 28.3% in 2012. Wholers and Caffrey (2013) also found that the 
production segment is expected to grow and reaffirmed this observation with the 58.4% 
growth the production segment experienced over the last decade.























Percentage Growth of Direct Part Production Revenues
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Inherently, manufactured parts must meet specific requirements regarding 
dimensions, material and surface quality. According to Stopp, Wolff, Irlinger, and Leuth 
(2008), “the accuracy requirements, for interlocking parts or accurate anatomical models 
lie within a range of a tenth of a millimeter” (p. 168). Therefore, it is critical for AM 
systems to address dimensional accuracy and performance for the continual adoption of 
AM systems within the manufacturing industry.
The quality challenge for AM systems has been growing over the last decade and 
research has been conducted to address this concern (Wholers, 2013). The following 
options have been considered and will be discussed in detail in further sections:
• Benchmarking AM systems
• Standardized test targets and parts
• Calibration methods for 3D printers
• Critical printer parameters  
Benchmarking AM systems allows the industry to better understand the 
system’s capabilities and tradeoffs. Standardized test targets can be useful in measuring 
dimensional accuracy where multiple users may compare individual results because 
of the standard test target used. A method for calibrating 3D printers is important and 
an essential step before printing, just as any 2D printer needs calibrating. As many 
researchers have found, printer parameters are critical in controlling print accuracy and a 
viable approach for optimizing and controlling dimensional performance.
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Based on past studies, controlling critical printer parameters is the favored 
approach to produce high-grade parts. For dimensionality, researchers have employed 
various geometric artifacts. However, prior studies focused on only a limited number of 
printer parameters and complex geometric designs, but other system variables and simple 
geometric elements comprised of common sets of lines with the smallest dimensions 
addressable by a printer remain to be tested. This research will fill the gaps by employing 
an exemplar experiment. The effects of nozzle temperature, platen temperature, and 
cooling fan speed on dimensional accuracy of a fused deposition modeling system is thus 
explained in this study.
Reason for Interest in the Study
As 3D printers continue to penetrate the manufacturing industry, many standards 
for quality control will need to be developed. The researcher has observed many online 
forums and discussions on how to control quality for AM systems, but not enough current 
research is available to address these concerns. This research is intended to continue the 
development of controlling quality and accuracy for a fused deposition modeling system 
by considering what is printable and how critical printing parameters influence the system 
outcome. The effects of nozzle temperature, platen temperature, and cooling fan speed on 




This study relies on its design of experiment to understand the effect that 
process parameters, target design parameters, and location within the target have on the 
variability observed relative to desired geometry. Therefore, it is important to discuss the 
strategy, basic principles, and guidelines for designing experiments to fully understand 
the experimentation within this research.
Strategy of Experimentation
To find cause and effect relationships with a process or system, there must be 
distinct and measurable variables. Observations of the changes to the system output (y) 
can be made to determine the causality of an outcome. According to Montgomery (2013), 
“Observations on a system or process can lead to theories or hypotheses about what 
makes the system work, but experiments of [this type] are required to demonstrate that 
these theories are correct,” (p. 1). These output variables are also called metrics and they 
are usually numerical data that are measurable on a scale (Buglear, 2014).
Generally, experiments are used to study how controllable factors (x) influence 
the output response of a system, develop models that relate the response to the important 
input variables, and to measure how well a system is performing (p. 1). According to 
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Meadows (2008), “A system is a set of things—people, cells, molecules, or whatever—
interconnected in such a way that they produce their own pattern of behavior over time” 
(p. 2). In other words, without intentional experimentation, observations alone cannot 
offer enough to make claims as to how the controllable factors influence the system 
output. A general model illustrating such a system is shown in Figure 2. The figure 
depicts the inputs, outputs, controllable factors, and uncontrollable factors of a system. 
According to Montgomery, an experiment can have the following objectives:
• Determining which variables are most influential on the output (y)
• Determining where to set the influential controllable factors (x) so that y is 
almost always near the desired nominal value
• Determining where to set the influential controllable factors (x) so that 
variability in y is small
• Determining where to set the influential controllable factors (x) so that the 
effects of the uncontrollable variables z1, z2, …, zq are minimized 
(Montgomery, p. 3)
6
Figure 2. General model of a process or system (Montgomery, 2013)
Process
Uncontrollable factors
z1, z2, ..., zq
Controllable factors
x1, x2, ..., xq 
Output
yInputs
When it comes to the strategy of experimentation, there are a few distinct forms 
widely used to understand how y, the performance metric, is influenced by the factors. 
Three popular methods for designing experiments–best-guess approach, one-factor-at-a-
time, and factorial design–are covered in more detail in the following sections.
Best-Guess Approach
Oftentimes, experimenters only have a guess, without substantial evidence, 
to begin with. This strategy allows for scientific experimentation to commence even 
when supporting evidence to the hypothesis is unavailable. According to Montgomery 
(2013), “One approach would be to select an arbitrary combination of factors, test 
them, and see what happens” (p. 4). This type of approach is used quite often and 
allows the experimenter the opportunity of testing the factors they feel are influencing 
the process. Montgomery warns of a couple of disadvantages using this approach. He 
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explains that the first combination of factors might not produce the desired results and 
the second combination of factors might not either, thus leading to a lengthy experiment. 
Montgomery also gives an example where the first combination of factors produces 
adequate results, which may tempt the experimenter to stop testing other combinations of 
factors for the best result (p. 4). These examples are reasons why this approach is not best 
suited for complex experiments.
One-Factor-at-a-Time Approach
The one-factor-at-a-time approach uses a more systematic strategy to test the 
factors. Each factor being tested is assigned at least two levels, or in other words the 
values the factors are being varied, and throughout the experiment one factor is varied 
over its range of levels while the other factors are held constant (Montgomery, 2013, p. 
4). This approach will be repeated until all factors have been varied over their ranges. 
This strategy gives a logical representation of how the factors influence the process; 
however, there is one major flaw to this approach. According to Montgomery, “the major 
disadvantage of the one-factor-at-a-time strategy is that it fails to consider any possible 
interaction between the factors” (p. 4). It is not enough to decide with this approach if it is 
solely one factor influencing the process or two possibly influencing it while interacting 
together. 
Figure 3 depicts the one-factor-at-a-time approach where one factor is varied 
across its range and the other factors are held constant. Fig. 3a) illustrates factor one’s 
results of the two levels while the other factors are held constant. Similarly b), c), and d) 
8
represent the other factor’s results when varied across their ranges and the others held 

























Figure 3. One-factor-at-a-time approach (Montgomery, 2013)
Factorial Experiment
According to Montgomery (2013), the factorial experiment is the correct strategy 
to use when dealing with multiple factors (p. 5). This experimental design is the best 
for multiple factors because the factors are varied together rather than one at a time. For 
instance, if the factorial design consisted of two factors at two levels all combinations 
of the two factors across their levels are considered. Figure 4 illustrates the design of a 
basic 22 factorial design, or in other words, two factors at two levels each—and as seen 
in the figure the effects of factors one and two are compared. Fig. 4a) depicts that the 
experiment will be conducted twice: first time with factor two set at a low value (factor 
two’s level one) with factor one varied from the level one to level two; and the second 
time with factor two set at a high value (factor two’s level two) with factor one varied 
over the same level one and level two values. The double-sided arrows represent the 
direction of variability. Similarly, fig. 4b) depicts how the level one and level two results 
of factor two are compared illustrating the factor effects of factor two; while fig. 4c) 
depicts how the levels of factors one and two are compared illustrating the interaction 
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effects of the two factors. Fig 4c) is what the one-factor-at-a-time approach design of 
experiments not consider. This approach compares both factor one’s and two’s level one 
results against each other and design of experiments the same for level two’s approach. 
This design was selected for this research because it is shown to be best for experiments 
testing multiple factors.
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Design of experiments also include, Taguchi methods, fractional-factorial designs, 
Six Sigma methods, response surface modeling, etc. (Gatti, 2015). However, they are 
beyond the scope of this study and will not be discussed.
Basic Principles
Design of experiments require a few basic principles in order to ensure the 
data being collected are accurate and verifiable. According to Gatti (2015), “Design of 
experiments is the formal process of designing an experimental protocol and analyzing 
the empirically collected data in order to discover valid and objective information about 
an underlying system” (p. 53). A properly designed experiment requires three basic 
principles: randomization, replication, and blocking.
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Randomization
 The key principle an experiment must abide by is randomization. This principle 
requires both experimental material and runs of the experiment to be performed randomly 
(Montgomery, 2013, p. 12). According to Montgomery, “by properly randomizing the 
experiment, we also assist in “averaging out” the effects of extraneous factors that may be 
present” (p.12). In other words, by conducting the experiment with proper randomization 
the possibility of bias, or an outside influence that might interfere with the results, within 
the experiment is alleviated or reduced.
Replication
The replication principle consists of repeating each run within an experiment. 
According to Montgomery (2013), replication allows the experimenter to determine an 
estimate of the experimental error. By using the experimental error, the experimenter can 
determine whether the observed differences are statistically different (p. 12). In other 
words, experimental error is the measured fluctuations between replicated runs when 
repeated under the same conditions (Box, Hunter & Hunter, 2005, p. 17). Replication also 
can be used to determine a more precise estimate of the true mean response for one of the 
factor levels (Montgomery, 2013, p. 12).
Blocking
The last principle is important when making comparisons among the factors and 
improves the precision of how the comparisons are made. According to Box et al. (2005), 
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“A block is a portion of the experimental material (the two shoes of one boy, two seeds in 
the same pot) that is expected to be more homogenous than the aggregate (the shoes of all 
the boys, all the seeds not in the same pot)” (p. 92). In other words, grouping and making 
comparisons within the blocks achieve better precision because the differences between 
blocks are removed (Box et al., 2005, p. 92).
Guidelines for Designing Experiments
Designing an experiment requires a well thought-out plan and should follow a 
set of guidelines. The guidelines below are presented by Montgomery (2013), which he 
encourages researchers to follow in order to conduct properly designed experiments. 
• Recognition of and statement of the problem
• Selection of the response variables
• Choice of factors, levels, and ranges
• Choice of experimental design
• Performing the experiment
• Statistical analysis of the data
• Conclusions and recommendations
Conclusion
The design of an experiment requires a plan consisting of a strategy approach, 
basic principles, and guidelines. These three parts of a design as a whole work together 
to ensure the validity and accuracy of the experimentation. Without putting forth the 
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fundamentals described above, conclusions cannot be easily accepted from research 
because of the basis that which it was built upon. The researcher recognizes the 
importance of design of experiments and understands the principles necessary to conduct 
a valid experiment. The research will use a randomized factorial experiment due to the 




Review of the Literature
As 3D printing continues to establish itself within the manufacturing industry, 
concerns of quality control will inevitably grow and need to be addressed. Past studies 
have begun to look closely at 3D printers to characterize their functions and capabilities 
for prototyping parts that meet manufacturing requirements. There have been a wide 
range of approaches to address dimensional accuracy in 3D printing and they provide 
a foundation for future work to build on. Prior research has compared 3D printers 
against one another, proposed standardized test parts, considered printer calibration, and 
studied printer parameters that influence print quality. The following sections will take 
an in-depth look at the industry trends, additive manufacturing fundamentals, proposed 
methods for controlling dimensional accuracy, and possible future research.
Industry Trend Reports
Over the last six years, the number of personal 3D printers sold has exponentially 
increased. According to industry expert Wholers Associates, the number of personal 3D 
printers that sell for $5,000 or less experienced an estimated growth of 346% each year 
from 2008 to 2011 (2013, p. 135). As shown in Figure 5, the number of printers sold 
increased from 66 units in 2007 to 35,508 units in 2012 (Wholers & Caffrey, 2013).
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Figure 5. Growth of personal 3D printers (Wholers, 2013)
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Forecast of Additive Manufacturing (AM) Industry Growth
Wholers and Caffrey’s (2013) report found the following: “It took the AM 
industry 20 years to reach $1 billion in size. In five additional years, the industry 
generated its second $1 billion. It is expected to double again, to $4 billion, in 2015” 
(p. 129). Based from a survey of well-respected industry experts, the AM industry is 
predicted to continue its growth on a linear path through 2013 to 2021 (2013, p. 129). 
As shown in Figure 6, the AM industry generated $2 billion in 2013 and is estimated to 
generate roughly $10 billion by 2021 (p. 129). Wholers and Caffrey (2013) also consider 
the maturity of the AM industry and state, “AM is indeed mature for prototyping, but it 
is still in the ‘innovators’ phase for the production of parts for final products” (p. 129). In 


























Growth Forecast of AM Industry
Figure 6. Projected annual growth of AM industry for next 7 years (Wholers, 2013)
Additive Manufacturing Fundamentals
Manufacturing parts for assembly are traditionally met by using machinery e.g., 
mills, lathes, CNC machines. This process is commonly known to be subtractive in 
nature because the process starts with a block of material and pieces of it are machined 
away to form the desired part. Additive manufacturing on the other hand, is inherently 
additive in that an AM system utilizes this process: “parts are made by adding material in 
layers; each layer is a thin cross-section of the part derived from the original CAD data” 
(Gibson, I., Rosen, D. W., & Stucker, B., 2015). An additive manufacturing machine 
begins its process with an empty build platen where material will be added by layer until 
the part is completed.
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There are four main categories of AM systems, which are shown in the following 
table. AM systems fundamentally utilize the same layer-by-layer build process; however, 
each system uses a different method of applying the layer of material. Stereolithography 
(SLA) uses a laser unit to cure liquid polymer on-demand, selective laser sintering (SLS) 
similarly uses a laser to sinter or fuse small particles together, fused deposition modeling 
(FDM) melts thermoplastics on-demand, laminated object manufacturing (LOM) 
laminates sheets of material together, direct material jetting (DMJ) utilizes an inkjet head 
to jet material layer by layer, and binder jetting (3DP) utilizes an inkjet head to jet binder 
fluid onto powder to form 3D objects (Gibson et al., 2015). The research presented in this 
study utilized FDM and will be discussed in more detail in the subsequent section.
Table 1.  









The process of FDM is “characterized by a pre-heating chamber that raises the 
material temperature to melting point so that it can flow through a delivery system” 
(Gibson et al., 2015). The FDM system extrudes molten materials, usually thermoplastics, 
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through a nozzle onto the platen with computer-guided precision. The nozzle will deposit 
a line of material according to the Computer-Aided Design file layer by layer until the 
model is complete. The layers are fused together where the molten material will adhere 
to the previously printed layer before solidifying through cooling and becoming the 
foundation for the next layer. Figure 7 illustrates a generic FDM system (CustomPartNet, 
2008).
Figure 7. Fused deposition modeling system (CustomPartNet, 2008)
Printing Parameters of FDM
The printing process of a FDM system is affected by critical printing parameters 
(Lee, Abdullah, & Khan, 2005). These parameters may influence how the desired piece 
is printed and how accurate the piece will turn out. Different settings of the printing 
parameters may be required from design to design and therefore these settings must be 




• Nozzle and platen temperature
• Cooling fan speed
• Infill densities and patterns 
Methods Proposed for Assessing and Optimizing Accuracy
With an understanding of the FDM process, it is inherently difficult to control 
accuracy of a printed part. The studies discussed in the following sections will examine 
the ability to control accuracy by benchmarking AM systems, standardized test targets, 
printer calibration, and proper selection of printing parameters. 
Benchmarking AM Systems
An initial approach to characterizing the accuracy of AM systems is to consider 
the capability of each individual system. The four types of systems; SLA, SLS, FDM, 
LOM, DJM, and 3DP discussed earlier perform differently from one another and 
understanding each of their capabilities gives an operator insight on determining which 
system to use for certain performance requirements. A study by Brajlih, Valentan, 
Balic, & Drstvensek, and Mahesh, Wong, Fuh, & Loh (2003) examine benchmarking 
experiments to comparatively evaluate four different systems using the metric of average 
manufacturing speed. They found a SLA system on average was faster at producing parts 
compared to FDM, SLS, and DMJ systems.
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The study conducted by Roberson et al. (2013) ranked five desktop printers using 
four metrics (i.e., build time, unit cost, material cost, and dimensional discrepancies) for 
comparison. Based from their findings, they found MakerBot’s Replicator to be most 
favorable when considering the four metrics they selected. Mahesh et al. (2003) focused 
on the capabilities of each category of AM system by looking at specific geometric 
features and whether or not that type of system could reproduce the feature. The 
results from the study ranked the systems as follows: SLA, FDM, LOM, and SLS; the 
researchers found SLA to perform the best and most capable of reproducing all features.
Standardized Test Targets and Parts
Studies focusing on standardized test targets and parts attempt to define an AM 
system’s accuracy by using a part designed with an array of geometric shapes. Figure 
8 illustrates a test target proposed by researchers at National Institute of Standards and 
Technology.
Figure 8. Proposed Test Target (Moylan et al., 2012)
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Research conducted by Moylan, Slotwinski, Cooke, Jurrens, & Donmez (2012) 
and another study by Mahesh et al. (2006), used standardized test targets as tools to 
characterize the performance of AM systems.
Moylan et al.’s study examined preexisting test targets to determine which 
geometric shapes are required to fully characterize the performance of an AM system. 
After careful analysis of test targets, the researchers designed their own as a proposal 
for a standardized test target to be used in the AM industry. With in the study, they 
measured the dimensions of the artifacts to rate whether the AM system could reproduce 
the element (Moylan et al., 2012). The other study focused on the importance of test 
targets to help control dimensional accuracy. By employing Six Sigma quality tools, the 
researchers were able to utilize a test target of geometric shapes to fine-tune their AM 
system. The researchers employed a test target and reproduced it on four different AM 
systems which the geometric elements were then measured. They then rated how well 
the system reproduced each element using an A-F rating scale. They found a SLA system 
performed the best followed by SLS, LOM, and FDM (Mahesh et al., 2006).
3D Printer Calibration
Printer calibration can improve accuracy and performance by addressing the 
necessity of properly preparing a 3D printer before printing. In one study, the researchers 
printed simple cubes to measure deviations in edge length by comparing the measured 
values to the defined 3D model values. They then used a method to calibrate the printer to 
compensate for the deviations in edge lengths. Once the calibration had been completed, 
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the researchers printed another set of cubes for comparison and found that the calibration 
was successful in reducing the deviations in cube lengths. This research illustrates the 
importance of evaluating default printer settings to understand how to control the print 
within a range of a tenth of a millimeter (Stopp et al., 2008).
Critical Printer Parameters
Many studies investigated printer parameters by conducting experiments to 
confirm the influence the parameters have on accuracy and performance (Boschetto et al., 
2012; Chang & Huang, 2011; Lee et al., 2005; Li & Zhang, 2013; Mahapatra & Sood, 
2011; Peng et al, 2014; Singh, 2013; Zhang & Chou, 2008). For example, one study 
examined how layer thickness and part orientation influence print quality by printing 
different parts with varying layer thicknesses and orientations (Sood et al., 2009). The 
authors used the Taguchi statistical method to evaluate the correlation between printer 
parameters and accuracy. The study used shrinkage values of length, width and thickness 
for the metrics and the researchers state, “shrinkage is dominant along the length and 
width of test part where as thickness is always more than the desired value” (Sood et al., 
2009).
Another study conducted very similar research, but looked at different printer 
parameters such as printing speed and road width, that is, line width of the filament when 
printed (Anitha, Arunachalam, & Radhakrishnan, 2001). The researchers in this study 
used analysis of variance methods to understand the relationship between the printing 
parameters and surface quality. They found road thickness and print speed to only 
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contribute to 15.57% and 15.83% at 99% level of significance, but layer thickness to be 
effective to 51.57% at 99% level of significance (Anitha et al., 2001). In other words, 
both road thickness and print speed had a significantly lower impact on surface quality 
compared to layer thickness. This prior research helps others understand the influence of 
printer parameters on print metrics, in this case dimensional accuracy and performance.
Conclusion
The research presented above provides the groundwork for developing suitable 
means of assessing the performance of AM systems. Though these studies have 
contributed to the advancement of evaluating and optimizing the quality of AM systems, 
there are gaps that must be filled. For example, other critical printer parameters (e.g., 
nozzle temperature, platen temperature, and cooling fan speed) need to be investigated 
to better understand their influence on a printer’s addressability. Also, simplified test 
targets utilizing only one or a few features need to be developed in order to measure those 
features’ dimensions for quantitative analysis. This is important because current proposed 
test targets focus more on qualitative analysis by only determining whether or not an AM 
system can reproduce the features and how printer factors impact them. The quantitative 
analysis is needed because it depicts the dimensional deviations occurring between the 
values of the defined 3D model file and the printed piece’s dimensional values.
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With past research in mind, this Thesis research intends to investigate a 3D 
printer’s addressability by exploring the missing printing parameters to determine 
whether or not they have an influence on dimensional accuracy by using a simplified 
test target design. As methods for improving print quality and accuracy for 3D printers 




The goal of this study is to understand how the printing variables of a 3D 
printer influence the dimensional accuracy of a printer’s capability. The dimensional 
accuracy addressed here focuses on the smallest fundamental line. The printing variables 
are controlled during both file preparation and printer operation, and this research 
will investigate both forms of variables. Cooling fan speed is determined during file 
preparation, and nozzle temperature and platen temperature are set upon executing the 
print. Specifically, this study will attempt to answer the following questions: 
1. Is dimensional accuracy impacted by nozzle temperature?
2. Is dimensional accuracy impacted by platen temperature?




The following methodology will cover procedure, sample size, design of 
experiment, metrics, and data analysis techniques used within the experimentation. Each 
of these will be covered in more detail in the following sections.  
Procedure
This study required multiple steps to fulfill the requirements for a successful 
analysis. First a test target was designed, the 3D model was then processed through 
slicing software, the targets were then printed, the targets were then measured, the 
data was collected, and the analysis was conducted. As the flowchart below illustrates, 














Figure 9. Workflow of experimental procedures
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1. Test target design: a test target consisting of three sets of three raised lines was 
designed in a 3D modeling software and exported as a STL file. The STL file 
uses a mesh of polygons to define a three-dimensional model’s surfaces and 
retains the information in three-dimensional space which will be used by the 
slicing software to generate a G-code file (Bártolo, 2011). Figure 10 below 
illustrates the STL’s rendering of a three-dimensional model.  
a) Three-dimensional model b) Three-dimensional models rendered into STL format
Figure 10. Illustration of STL file format
 
 The first set of three lines were all 700 microns wide and the heights of 
each line decreased as follows: 700 microns, 350 microns, and 175 microns. 
The second set of lines followed the same design in height, but the three lines 
were all 350 microns wide. Lastly, the third set of lines followed the same 
design in height as well, but the three lines were all 175 microns wide. The test 
target design used in this study is provided in more detail as a CAD drawing in 
Appendix 1. 
 The value of the line widths and heights were specifically selected for this 
study to explore the addressability of a fused deposition modeling system. The 
nozzle opening for this system is 350 microns and the idea behind the values 
is to understand if the system is capable of producing lines smaller than the 
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nozzle opening. Also, a “quiet area” was incorporated in the design to allow 
enough room at the ends of the test target to establish a base plane during the 
measuring procedure. 
2. Slicing: the 3D model of the test target was sliced into layers and coded into 
the G-code file language using open source slicing software. The slicing 
software takes a STL file and slices the 3D model into layers which will be 
printed from the bottom layer to the top layer. The G-code has been around for 
decades and was first used to control machines by computer for manufacturing 
purposes. The G-code stores x, y, and z coordinates of the 3D model that a 3D 
printer uses to print the physical piece layer by layer (Horvath, 2014). 
Control variables: Cooling fan speed was varied for each sliced model as 
specified in the design of experiment and was selected during the slicing 
procedure.
3. Printing: all test targets were printed on a fused deposition modeling 3D 
printer, in this case a Lulzbot, in the center of the build platen in the same 
orientation. The build platen was leveled and the z-offset height for the 
extruding nozzle was verified with a feeler gauge before the execution of 
each print. The test targets were all printed in the same polylactide (PLA)
thermoplastic. 
Control variables: platen temperature and nozzle temperature were varied for 
different test targets specified in the design of experiment. The temperatures 
were selected during the setup process prior to each individual print.
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4. Measurement: line width and height was measured with a three-dimensional 
stereo optical microscope using its imaging software and tools. The microscope 
scanned the entire surface of the test targets and collected three-dimensional 
data of the entire sample.
5. Data collection: five cross-sectional profiles were pulled from each test target 
and labeled as follows: leading edge (LE), leading edge middle (LEM), middle 
edge (ME), trailing edge middle (TEM), and trailing edge (TE). The location of 
each cross-sectional profile was randomly chosen in the general sense it was in 
close proximity of the defined areas mentioned earlier. Fig. 11a) illustrates the 
labeling convention for the cross sections. The location of where each cross-
sectional profile is measured is referenced further on as the uncontrollable 






a) Five cross-sectional profiles for data extraction b) Photo of printed test target
Figure 11. Example of cross-sections and photo of printed test target
 
 Fig. 11b) presents a photographic 2D image of a printed test target. From 
each of the five profiles, the heights and widths of the three sets of lines were 
recorded for data analysis. Height, H, was determined by the max peak of the 
printed lines and based on the line reproduction one line width, the average 
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of the top and bottom line widths, W a, was used for data analysis. For better 
understanding, see Figure 12 below for values H and W a. Figure 13 below 
shows an actual profile of the data for one of the cross sections. The solid line 
represents the measurement of the printed lines and the dashed line represents 
the intended design of the lines. Because of the nature of the printed lines, the 
researcher decided to use the W a value alone to give a better representation 
of the widths. For final analysis, the difference between the designed value 
and the measured value were used in the statistical software. The height was 




















0 2000 4000 6000 8000 10000 
Figure 13. Example of line profile from data
6. Data analysis: The response variables, ∆H and ∆W a, of each cross-sectional 
profile were used within a full factorial design of experiment incorporating an 
Analysis of Variance (ANOVA) test. The response variables were also used 
as performance metrics to exemplify the difference between design and actual 
fabricated lines for the main effects and interaction plots to give a better visual 
of what was observed which will all be discussed in a subsequent section.
Sample Size
For the measurement stage of this study, a sample of printed test targets from 
the Lulzbot 3D printer was determined from a continuous population. The sample size 
needed for the experiment consists of 8 test prints and the experiment was repeated 
twice for result verification. Each of the 16 printed samples utilized its own unique set of 
printed variables with varying values for each variable.
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Design of Experiment
Three factors were selected for this experiment; all consisting of two levels each, 
a high and a low. The three factors in this study; cooling fan speed, nozzle temperature, 
and platen temperature were selected because these three parameters are most closely 
associated with the physical state of the thermoplastics and have not been widely 
explored before. The values used for the levels of each factor were based on a given 
range provided by the manufacturer of the fused deposition modeling system used in the 
experiment. 
For instance, a nozzle temperature range between 175º C–200º C is given and 
the values used for this study were 175º C and 200º C. Similarly, this applies to the 
platen temperature with temperatures 45º C and 70º C used as the low and high values. 
As for the cooling fan speed, no range was provided and the values were chosen based 
on user experience. For example, too low of a speed showed little results and excessive 
speed cured the prints too quickly. Thus, the researcher decided to use 25% of the fan’s 
max 6000 rotations per minute (RPM) for the low level and 85% for the high level. The 
values selected for this experiment are illustrated in Table 2 and the complete design of 









200º C 70º C 5100 RPM
175º C 45º C 1500 RPM
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Three other factors were included in the DOE because they were inherent in test 
target design. The design height (D_H) and design width (D_W) were included in the 
experiment consisting of three levels for each at 175, 350, and 700 microns. The location 
of where the cross sections were sampled from the test target was also inherent in the 
study. Location was included in the DOE consisting of five levels and are referenced as 
LE, LEM, ME, TEM, and TE.
Metrics
Input variables for this study were design height and design width. Output 
variables were response variable (∆H) and response variable (∆W a). Controllable factors 
being investigated were cooling fan speed, nozzle temperature, and platen temperature. 
The uncontrollable factor within this study was location. The metrics of the experiment 














Figure 14. Analyzed metrics of experiment
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Data Analysis
Main effects and interaction plots generated from statistical software were 
initially consulted for both the ∆H and ∆W a response variables to verify whether or not 
the factors had an effect on the dimensional change. Next, an ANOVA test was conducted 
for both response variables and studied to determine if the null hypothesis could be 
rejected and the alternative hypothesis accepted. A null hypothesis is generally assumed 
true and assumes that the factors do not influence the system. In contrast, the alternative 
hypothesis assumes the factors do influence the factors and will be accepted if the null 
hypothesis is rejected. 
Based on the probabilities, p-values, the factors are influencing the system 
calculated in the test, a comparison is made between the p-values and a fixed probability. 
Usually, the fixed probability value is α = 0.05 and in order to reject the null hypothesis 
for any of the factors the p-values should be less than the fixed probability (Kaltenbach, 
2012). In other words, the test would show whether or not the parameters had an effect on 
the dimensional accuracy and if the parameters were interacting with each other to also 




The experiment carried out in the methodology produced a large amount of raw 
data the researcher organized and coded as required by the statistical software in order to 
run the statistical tests. The following sections will present the results from the tests.
Analysis of Variance
The ANOVA test produced the following ANOVA tables for response variables 
∆H and ∆W a. The p-values for the factors were studied for the linear model, that is to 
say only considering the factors with no interactions and the two-way models, or in 
other words considering the factors’ interactions between two factors at one time. A low 
p-value, less than 0.05, asserts that the null hypothesis is not true or may be rejected, or in 
other words, the alternative hypothesis is correct. The linear and two model tables will be 
presented and interpreted in the following sections, but the full six-way model tables are 
also provided in Appendix D.
Response Variable H
Table 3 is the output of the ANOVA test for response variable ∆H as a linear 
model where DF is degrees of freedom, Adj SS is adjusted sum of squares, F-value is the 
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F-value, and the P-value is the P-value. From the table it is evident that out of the three 
factors tested, platen temperature with a p-value of 0.010 had the greatest impact on the 
response variable ∆H. Cooling fan speed had the second greatest impact on the response 
variable H with p-value of 0.058. As for nozzle temperature, this factor seemed to not 
have had an influence on response variable ∆H because of the high p-value of 0.712. 
The input variables, D_H and D_W, and uncontrollable factor, location, all had very low 
p-values showing there was an influence on the response variable ∆H. 
Table 3.  
ANOVA table results for response variable ∆H linear model
Source DF Adj SS Adj MS F-Value P-Value
Model 359 3541126 9864 7.72 0.000
Linear 11 2903467 263952 206.71 0.000
Cooling Fan 1 4605 4605 3.61 0.058
Platen Temp 1 8645 8645 6.77 0.010
Nozzle Temp 1 175 175 0.14 0.712
D_W 2 464401 232201 181.85 0.000
D_H 2 2292528 1146264 897.70 0.000
Location 4 132460 33115 25.93 0.000
Error 355 453295 1277
Total 714
Table 4 provides the results produced from the ANOVA test for response variable 
∆H for a two-way model where DF is degrees of freedom, Adj SS is adjusted sum of 
squares, F-value is the F-value, and the P-value is the P-value. From the table, one can 
see nozzle temperature and platen temperature interacted with a low p-value of 0.000. 
Nozzle temperature and location interacted with a low p-value of 0.000. Also, cooling 
fan speed and nozzle temperature showed an interaction with a p-value of 0.004. Platen 
temperature and location interacted with a p-value of 0.004. While cooling fan speed and 
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location had an interaction with a p-value of 0.034.
Table 4.  
ANOVA table results for response variable ∆H two-way model
Source DF Adj SS Adj MS F-Value P-Value
Model 359 11751082 37257 6.30 0.000
2-Way Interactions 47 26715 26715 0.82 0.364
Cooling Fan*Platen Temp 1 340 340 2.72 0.100
Cooling Fan*Nozzle Temp 1 2593 1296 5.50 0.004
Cooling Fan*D_W 2 37365 18683 1.89 0.152
Cooling Fan*D_H 2 20038 5010 1.83 0.122
Cooling Fan*Location 4 57038 57038 4.53 0.034
Platen Temp*Nozzle Temp 1 4588 2294 58.54 0.000
Platen Temp*D_W 2 5889 2945 2.52 0.082
Platen Temp*D_H 2 8271 2068 0.08 0.989
Platen Temp*Location 4 14783 7392 5.50 0.004
Nozzle Temp*D_W 2 213146 106573 0.45 0.637
Nozzle Temp*D_H 2 238588 59647 1.82 0.125
Nozzle Temp*Location 4 934986 233746 27.13 0.000
D_W*D_H 4 94213 11777 1.21 0.294
D_W*Location 8 89817 11227 0.66 0.727
D_H*Location 8 7213 902 0.92 0.496
Error 355 453295 1277
Total 714
In order to accept the results presented in the tables above, residual plots were 
generated and consulted to verify the assumption that the residuals have a constant 
variance. From Figure 15 below, the four plots confirm the assumption that the residuals 
have a constant variance. For example, the normal probability plot should follow a 
straight line and the data shows that the fit is close to the line. Also, the data is normally 
distributed in the histogram showing no skewness which gives a good indication the data 
is not biased in a certain way. There are no visual patterns occurring in the versus fits plot 
which the data should be randomly scattered across zero. Lastly, the versus order plot 
values should be independent of each other and show no pattern which the data points 
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seem to confirm (Khan, 2013). The ANOVA test results can therefore be consulted and 
rendered valid.
Figure 15. Residuals plots for response variable ∆H
Response Variable ∆W a
Table 5 provides the results produced from the ANOVA test for response 
variable ∆W a for a linear model where DF is degrees of freedom, Adj SS is adjusted 
sum of squares, F-value is the F-value, and the P-value is the P-value. From the table, 
it is evident nozzle temperature with a p-value of 0.000 had the greatest impact on the 
response variable ∆W a for the three factors tested. Cooling fan speed had an impact on 
the response variable with a p-value of 0.023. Platen temperature appears to not have had 
an effect on the response variable W a with a p-value of 0.818. The input variables, D_H 
and D_W, and uncontrollable factor, location, all had very low p-values showing there 
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was an influence on the response variable ∆W a.
Table 5. 
ANOVA table results for response variable ∆W a linear model
Source DF Adj SS Adj MS F-Value P-Value
Model 359 3921107 10922 3.30 0.000
Linear 11 751014 68274 20.61 0.000
Cooling Fan 1 17348 17348 5.24 0.023
Platen Temp 1 175 175 0.05 0.818
Nozzle Temp 1 133913 133913 40.42 0.000
D_W 2 340100 170050 51.33 0.000
D_H 2 151809 75905 22.91 0.000
Location 4 100281 25070 7.57 0.000
Error 355 1176148 3313
Total 714
Table 6 provides the results produced from the ANOVA test for response variable 
∆W a for a two-way model where DF is degrees of freedom, Adj SS is adjusted sum 
of squares, F-value is the F-value, and the P-value is the P-value. From the table, one 
can see cooling fan speed and location interacted with a low p-value of 0.000. Nozzle 
temperature and location interacted with a low p-value of 0.000. Also, cooling fan speed 
and D_W showed an interaction with a p-value of 0.004. Nozzle temperature showed 
an interaction with D_W, D_H, and location with p-values of 0.000 for all. Lastly, D_W 
showed an interaction with D_H and location with p-values of 0.001 for both.
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Table 6. 
ANOVA table results for response variable ∆W a two-way model
Source DF Adj SS Adj MS F-Value P-Value
Model 359 11751082 37257 11.25 0.000
2-Way Interactions 47 26715 26715 8.06 0.005
Cooling Fan*Platen Temp 1 340 340 0.10 0.749
Cooling Fan*Nozzle Temp 1 2593 1296 0.39 0.676
Cooling Fan*D_W 2 37365 18683 5.64 0.004
Cooling Fan*D_H 2 20038 5010 1.51 0.198
Cooling Fan*Location 4 57038 57038 17.22 0.000
Platen Temp*Nozzle Temp 1 4588 2294 0.69 0.501
Platen Temp*D_W 2 5889 2945 0.89 0.412
Platen Temp*D_H 2 8271 2068 0.62 0.646
Platen Temp*Location 4 14783 7392 2.23 0.109
Nozzle Temp*D_W 2 213146 106573 32.17 0.000
Nozzle Temp*D_H 2 238588 59647 18.00 0.000
Nozzle Temp*Location 4 934986 233746 70.55 0.000
D_W*D_H 4 94213 11777 3.55 0.001
D_W*Location 8 89817 11227 3.39 0.001
D_H*Location 8 7213 902 0.92 0.496
Error 355 1176148 3313
Total 714 197254
Figure 16 below similarly confirms the assumption that the residuals have a 
constant variance for the results of the ∆W a  response variable. For example, the normal 
probability plot should follow a straight line and the data shows that the fit is close to 
the line. Also, the data is normally distributed in the histogram showing no skewness 
which gives a good indication the data is not biased in a certain way. There are no visual 
patterns occurring in the versus fits plot which the data should be randomly scattered 
across zero. Lastly, the versus order plot values should be independent of each other and 
show no pattern which the data points seem to confirm (Khan, 2013). The ANOVA test 
results can therefore be consulted and rendered valid.
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Figure 16. Residual plots for response variable ∆W a
The results presented above will be discussed further in the subsequent 
chapter and conclusions will be drawn from what the researcher found in this study. 
The discussion will attempt to answer the three research questions of this study: is 
dimensional accuracy influenced by cooling fan speed, nozzle temperature, and/or platen 
temperature?
Effects Plots
For a general idea of how the factors are influencing the process, main effects and 
interaction plots can be studied for visual interpretations. The plots display each factor 
and the mean values at each of their levels and also display the interactions between the 
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factors for each response variable. In the following sections, a steeper slope will infer 
a greater influence is occurring. For the interaction plots, an interaction can be inferred 
if the slopes of the lines are not parallel to one another. If the lines are parallel there 
generally is not an interaction happening between the two factors being examined (Khan, 
2013).
Main Effects Plots
Figure 17 below illustrates the main effects of the six factors on the response 
variable ∆H. The vertical axis represents mean values in the scale of microns, and the 
horizontal axis is grouped into six sections for each factor and illustrates each level of the 
factors in their own respective units. According to the plot, it seems cooling fan speed had 
less deviations occurring for the high fan speed level. Platen temperature showed smaller 
deviations with the low temperature level. Nozzle temperature had the least impact and 
the plot shows slightly lower deviations for the high temperature level. D_W had an 
effect with the lowest deviations occurring at the 175 micron line width. As for D_H, the 
plot shows line height of 700 microns had the lowest deviations. Lastly, location shows 
a visual impact from the plot where the deviations became smaller going across the line 
from the leading edge to the trailing edge. The researcher hypothesizes this sweep in the 
location is attributed to the platen levelness. The platen is difficult to level perfectly and 
the effect is seen within the location plot.
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Figure 17. Main effects plot for ∆H
Figure 18 below illustrates the main effects of the six factors on the response 
variable ∆W a. Similarly, the vertical axis represents mean values in the scale of microns, 
and the horizontal axis is grouped into six sections for each factor and illustrates each 
level of the factors in their own respective units. According to the plot, it seems nozzle 
temperature had the largest impact on the ∆W a with smaller deviations occurring at the 
high temperature level. Cooling fan speed had the second largest impact on the response 
variable where the low fan speed kept the deviations down. Platen temperature had the 
least impact where the high temperature level kept the deviations down. D_W had an 
effect where the lowest deviations occurred at the 350 micron line width. As for D_H, the 
plot shows line height of 175 microns had the lowest deviations. As for location, there 
were deviations at the middle of the line, but the lowest deviations occurred at the trailing 
edge.
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Figure 18. Main effects plot for ∆W a
Interaction Plots
Figure 19 below illustrates the interactions between the six factors for the 
response variable ∆H. The vertical axes give a scale in microns for each interaction plot 
and the horizontal axes give a scale in the values of the levels for each factor. According 
to the plot, it is evident cooling fan speed interacted with nozzle and platen temperature. 
Nozzle temperature appeared to have had a slight interaction with platen temperature 
and location. As for the other possible interactions, it seemed there was no significant 
interactions occurring.
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Figure 19. Interaction plot for ∆H
Figure 20 below illustrates the interactions between the six factors for the 
response variable ∆W a. Similarly, the vertical axes give a scale in microns for each 
interaction plot and the horizontal axes give a scale in the values of the levels for each 
factor. From the plot, it is evident cooling fan speed interacted with platen temperature. 
Platen temperature appeared to have had a slight interaction with nozzle temperature. 
Nozzle temperature seemed to interact with D_H and location. Also, it seemed D_W 
and D_H had a significant interaction for the response variable. As for the other possible 
interactions, it seemed there was no significant interactions occurring.
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In the following sections, the researcher will discuss the impact of characteristics 
of thermoplastics on the response variables, results from the experiment, implications 
from response variation, and suggest possible future research related to this study.
Discussion
It is important to discuss the impact of thermoplastics on the outcomes of this 
research and understand how their characteristics influence the printed parts. For instance, 
the thermoplastics are in a solid state at low temperatures and only melt at higher 
temperatures. Also, the plastics will expand at higher temperatures and will contract at 
lower temperatures. Therefore, once the plastic material is extruded on the platen the 
material will be in its molten form and will contract to its solid form after cooling. With 
this in mind, the researcher acknowledges the fact there will be uncontrollable deviations 
in the extruding of thermoplastics.
For example, the amount of deviations this research encountered supports 
the theory that a large number of the deviations occurred from the properties of 
thermoplastics. The standard deviations of the ∆H and ∆W a were 74.80 and 84.49 
respectively. The standard deviations are very high and show there are a lot of deviations 
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occurring within this research. Some of the deviations occur due to the properties of the 
thermoplastics and the other are inherent from the addressability of the fused deposition 
modeling system.
The experimental outcome showed the platen temperature factor affected the ∆H 
response variable the most and that the change of height is less at the lower temperature 
than the higher temperature. This is evidenced in Table 3 where there is a p-value of 
0.010 which means there is a low probability the null hypothesis is true. Similarly, 
cooling fan speed affected the ∆H response variable, and that the change of height is 
less at the higher speed than the slower speed. The researcher acknowledges the fact the 
p-value in Table 3 for cooling fan speed is slightly above 0.05, but there still seems to be 
an affect present based from the main effects plots depicted in Figure 17 showing some 
probability the null hypothesis can be rejected. Nozzle temperature does not seem to 
have affected the ∆H response variable because of the high p-value which means the null 
hypothesis cannot be rejected. The other factors inherent in this study, but not the three 
factors, namely cooling fan speed, nozzle temperature, and platen temperature addressed 
in the research objectives, also affected the ∆H response variable. This is evidenced 
in Table 3 where there is a p-value of 0.000 for all three which means there is a low 
probability the null hypothesis is true.
The research also showed interactions occurred between the factors that affected 
the ∆H. Even though nozzle temperature showed no effect by itself, nozzle temperature 
interacted with cooling fan speed, platen temperature, and location to affect the ∆H 
response variable. This is evidenced in Table 4 where there is a p-value of 0.004, 0.000, 
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and 0.000 respectively which means there is a low probability the null hypothesis is true. 
Cooling fan speed interacted with location; this is evidenced in Table 4 where there is 
a p-value of 0.034 which means there is a low probability the null hypothesis is true. 
Lastly, platen temperature interacted with location; this is evidenced in Table 4 where 
there is a p-value of 0.004 which means there is a low probability the null hypothesis is 
true.
The observed influence of cooling fan speed and platen temperature on the ∆H 
can be better understood by considering the characteristics of the thermoplastics. A 
higher fan speed would set the plastic more quickly than a slower fan speed as might 
be expected. Therefore, a higher fan speed would allow the height values of the lines 
to be the highest where slower fan speeds may allow the plastic to “sink” a little before 
setting. Similarly, the platen temperature showed a similar influence on ∆H with the 
lower temperature producing fewer deviations. In the same reasoning, a lower platen 
temperature would allow the thermoplastic to set more quickly rather than a higher 
temperature that might prolong the time it takes for the plastic to set. Therefore, the less 
time it takes for the thermoplastic to set the less deviations occur.
The research showed the nozzle temperature factor affected the ∆W a response 
variable the most, and that the change of width is less at the lower temperature than 
the higher temperature. This is evidenced in Table 5 where there is a p-value of 0.000 
which means there is a low probability the null hypothesis is true. Similarly, cooling 
fan speed affected the ∆W a response variable, and that the change of width is less at 
the lower speed than the higher speed. This is evidenced in Table 5 where there is a 
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p-value of 0.023 which means there is a low probability the null hypothesis is true. 
Platen temperature does not seem to have affected the ∆W a response variable because 
of the high p-value which means the null hypothesis cannot be rejected. The other 
inherent factors D_W, D_H, and location also affected the ∆W a response variable. This 
is evidenced in Table 5 where there is a p-value of 0.000 for each which means there is a 
low probability the null hypothesis is true.
The research also interactions occurred between the factors that affected the ∆W a. 
Cooling fan speed interacted with D_W and location; this is evidenced in Table 6 where 
there is a p-value of 0.004 and 0.000 respectively which means there is a low probability 
the null hypothesis is true. Nozzle temperature interacted with D_W, D_H and location; 
this is evidenced in Table 6 where there are p-values of 0.000 for all interactions which 
means there is a low probability the null hypothesis is true. Lastly, D_W interacted with 
D_H and location; this is evidenced in Table 6 where there is a p-value of 0.001 and 
0.001 respectively which means there is a low probability the null hypothesis is true.
Similarly, the observed influence of cooling fan speed and nozzle temperature on 
the ∆W a can be better understood by considering the characteristics of the thermoplastics. 
However, the opposite of what occurred for ∆H is happening for ∆W a where a slower 
fan speed would allow the line width values to “spread” before the thermoplastic 
sets. Similarly, the nozzle temperature showed a similar influence on ∆W a with the 
higher temperature producing fewer deviations. In the same reasoning, a lower nozzle 
temperature would allow the thermoplastic to set more quickly rather than a higher 
temperature that might prolong the time it takes for the plastic to set.
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Conclusion
The intent of this study was to fill the gap of current research in understanding 
dimensional accuracy of a fused deposition modeling system. As 3D printing continues 
to inundate the manufacturing industry, quality and accuracy concerns will need to 
be addressed. Previous studies have shown methods of measuring and characterizing 
3D printers through parts analysis. This research focuses on the first step towards a 
fundamental system analysis.
In terms of factors, past research studied and proved printing parameters such 
as, printing speed, layer thickness, road width, and raster angle have an influence on 
accuracy. A few parameters had yet to be investigated and stood out to the researcher as 
“significant” for investigation. Therefore, this research targeted the variables: cooling fan 
speed, nozzle temperature, and platen temperature which were used as the controllable 
factors in this study. A full factorial design of experiment was implemented for the three 
factors consisting of two levels each and the results were analyzed.
The results showed platen temperature and cooling fan speed had an influence 
on the ∆H response variable. Both factors had low p-values of 0.010 and 0.058 
respectively which means the null hypothesis can be rejected. Also, specifically for the 
factors selected for this study it was evident nozzle temperature interacted with platen 
temperature and cooling fan speed having an influence on the ∆H response variable. The 
two-way interactions had a low p-value of 0.000 and 0.004 respectively which means 
the null hypothesis can be rejected. The nozzle temperature and cooling fan speed had 
an influence on the ∆W a response variable. Both factors had low p-values of 0.000 and 
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0.023 respectively which means the null hypothesis can be rejected. From the ANOVA 
results, a significant interaction did not occur between the selected factors for this study.
 These conclusions prove cooling fan speed, platen temperature and nozzle 
temperature have an influence on fundamental addressability. Specifically, cooling fan 
speed and platen temperature affect line height, and from Figure 17 it is evident the 
higher fan speed and lower platen temperature produce fewer deviations for response 
variable ∆H. The nozzle temperature and cooling fan speed affect line width, and from 
Figure 18 it is evident a higher nozzle temperature and a lower fan speed produce fewer 
deviations for response variable ∆W a.
This research found these parameters to be significant when operating a fused 
deposition modeling system and will impact the part being produced. Therefore, this 
work expands upon previous parametric studies and demonstrates to the additive 
manufacturing industry the importance of characterizing the operating temperatures and 
cooling fan speeds of their systems. This study shows certain fan speeds and temperatures 
affect dimensional accuracy and certain values will produce fewer deviations in the part’s 
dimensions. Also, the study found a fused deposition modeling system to have limitations 
regarding its addressability. For example, not every line width and height is capable 
of being reproduced accurately. The researcher believes this work will help others in 
the additive manufacturing industry optimize their fused deposition systems and future 
research can be conducted to further expand this line of experimentation.
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Future Research
Considering the limitations and results of this study, possible future research was 
identified: a similar study to validate the impacts of the control variables on ∆H and ∆W a, 
a study using the same factors on other thermoplastics, a similar study utilizing more 
extreme level values for the two factors that address temperature, or addressability studies 
on other AM systems.
Study of Validation
Based on the amount of deviations within this study, future work needs to 
validate the impacts of the controllable factors. The study would allow the researcher to 
verify cooling fan speed, nozzle temperature, and platen temperature has an impact on 
dimensional accuracy. Through this study, the importance of investigating these factors 
would be validated.
Study of Other Thermoplastics
This study focused solely on PLA thermoplastics, but the researcher recognizes 
the wide range of other materials a FDM system is capable of extruding. Future work 
could employ a similar study focusing on ABS, nylon, HIPS, or flexible thermoplastics to 
identify optimal temperatures and cooling fan speeds for achieving dimensional accuracy 
for these specific materials.
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Study of More Extreme Values
When designing the experiment in this study, the researcher used the range of 
temperatures the manufacturer of the FDM system provided for the high and low levels 
of the two factors utilizing temperature. It is possible these temperatures have already 
been identified as optimal temperatures for extruding, so future work could push the 
temperature ranges provided in a similar study to better understand how nozzle and platen 
temperature effect dimensional accuracy.
Study of Testing Addressability of Other AM Systems
With this study in mind, future work could implement a similar study to test the 
addressability of other AM systems. This work focused on a fused deposition modeling 
system, but other AM systems can also be considered.
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Figure 21. Test target design
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Appendix B: 
Design of Experiment Chart
Table 7. 









15 2 1 2
09 1 1 1
02 1 2 1
14 1 2 2
10 1 2 1
06 1 2 2
11 2 1 1
07 2 1 2
13 1 1 2
16 2 2 2
12 2 2 1
04 2 2 1
03 2 1 1
05 1 1 2
08 2 2 2















Temp D_H D_W Location W a H  Δ W a Δ H
16 1 1500 45 175 175.00 175.00 1_LE 470.69 203.17 295.69 28.17
2 361 1500 45 175 175.00 175.00 1_LE 510.385 180.77 335.39 5.77
16 2 1500 45 175 175.00 175.00 2_LEM 562.74 158.11 387.74 -16.89
2 362 1500 45 175 175.00 175.00 2_LEM 571.245 156.87 396.25 -18.13
16 3 1500 45 175 175.00 175.00 3-ME 470.365 167.06 295.37 -7.94
2 363 1500 45 175 175.00 175.00 3-ME 521.31 153.36 346.31 -21.64
16 5 1500 45 175 175.00 175.00 5_TE 478.83 168.07 303.83 -6.93
2 365 1500 45 175 175.00 175.00 5_TE 509.385 176.31 334.39 1.31
16 4 1500 45 175 175.00 175.00 4_TEM 480.275 166.77 305.28 -8.23
2 364 1500 45 175 175.00 175.00 4_TEM 486.33 156.98 311.33 -18.02
16 6 1500 45 175 175.00 350.00 1_LE 429.43 324.89 254.43 -25.11
2 366 1500 45 175 175.00 350.00 1_LE 480.35 304.62 305.35 -45.38
16 7 1500 45 175 175.00 350.00 2_LEM 557.04 284.06 382.04 -65.94
2 367 1500 45 175 175.00 350.00 2_LEM 540.295 280.56 365.30 -69.44
16 8 1500 45 175 175.00 350.00 3-ME 472.805 281.33 297.81 -68.67
2 368 1500 45 175 175.00 350.00 3-ME 461.385 273.85 286.39 -76.15
16 10 1500 45 175 175.00 350.00 5_TE 414.77 289.25 239.77 -60.75
2 370 1500 45 175 175.00 350.00 5_TE 496.73 306.2 321.73 -43.80
16 9 1500 45 175 175.00 350.00 4_TEM 427.775 281.33 252.78 -68.67
2 369 1500 45 175 175.00 350.00 4_TEM 465.28 280.97 290.28 -69.03
16 11 1500 45 175 175.00 700.00 1_LE 416.4 573.54 241.40 -126.46
2 371 1500 45 175 175.00 700.00 1_LE 406.95 584.86 231.95 -115.14
16 12 1500 45 175 175.00 700.00 2_LEM 458.045 559.93 283.05 -140.07
2 372 1500 45 175 175.00 700.00 2_LEM 361.53 552.93 186.53 -147.07
16 13 1500 45 175 175.00 700.00 3-ME 428.33 563.36 253.33 -136.64
2 373 1500 45 175 175.00 700.00 3-ME 440.25 544.88 265.25 -155.12
16 15 1500 45 175 175.00 700.00 5_TE 401.74 553.04 226.74 -146.96
2 375 1500 45 175 175.00 700.00 5_TE 489.37 571.61 314.37 -128.39
16 14 1500 45 175 175.00 700.00 4_TEM 386.36 563.72 211.36 -136.28
2 374 1500 45 175 175.00 700.00 4_TEM 413.755 559.67 238.76 -140.33
16 16 1500 45 175 350.00 175.00 1_LE 540.725 171.08 190.73 -3.92
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Temp D_H D_W Location W a H  Δ W a Δ H
2 376 1500 45 175 350.00 175.00 1_LE 495.335 179.77 145.34 4.77
16 17 1500 45 175 350.00 175.00 2_LEM 445.385 154.5 95.39 -20.50
2 377 1500 45 175 350.00 175.00 2_LEM 504.285 147.24 154.29 -27.76
16 18 1500 45 175 350.00 175.00 3-ME 607.76 164.88 257.76 -10.12
2 378 1500 45 175 350.00 175.00 3-ME 640.23 139.97 290.23 -35.03
16 20 1500 45 175 350.00 175.00 5_TE 530.95 150.76 180.95 -24.24
2 380 1500 45 175 350.00 175.00 5_TE 508.875 155.7 158.88 -19.30
16 19 1500 45 175 350.00 175.00 4_TEM 652.825 162.99 302.83 -12.01
2 379 1500 45 175 350.00 175.00 4_TEM 458.825 135.11 108.83 -39.89
16 21 1500 45 175 350.00 350.00 1_LE 647.675 339.57 297.68 -10.43
2 381 1500 45 175 350.00 350.00 1_LE 664.87 308.58 314.87 -41.42
16 22 1500 45 175 350.00 350.00 2_LEM 667.785 328.19 317.79 -21.81
2 382 1500 45 175 350.00 350.00 2_LEM 653.03 287.52 303.03 -62.48
16 23 1500 45 175 350.00 350.00 3-ME 600.36 319.8 250.36 -30.20
2 383 1500 45 175 350.00 350.00 3-ME 680.335 287.24 330.34 -62.76
16 25 1500 45 175 350.00 350.00 5_TE 605.325 300.18 255.33 -49.82
2 385 1500 45 175 350.00 350.00 5_TE 702.56 304.65 352.56 -45.35
16 24 1500 45 175 350.00 350.00 4_TEM 646.745 320.98 296.75 -29.02
2 384 1500 45 175 350.00 350.00 4_TEM 697.22 283.18 347.22 -66.82
16 26 1500 45 175 350.00 700.00 1_LE 688.93 589.95 338.93 -110.05
2 386 1500 45 175 350.00 700.00 1_LE 661.345 582.1 311.35 -117.90
16 27 1500 45 175 350.00 700.00 2_LEM 622.795 583.16 272.80 -116.84
2 387 1500 45 175 350.00 700.00 2_LEM 622.825 566.95 272.83 -133.05
16 28 1500 45 175 350.00 700.00 3-ME 645.47 558.28 295.47 -141.72
2 388 1500 45 175 350.00 700.00 3-ME 740.25 585.72 390.25 -114.28
16 30 1500 45 175 350.00 700.00 5_TE 649.3 545.06 299.30 -154.94
2 390 1500 45 175 350.00 700.00 5_TE 655.855 567.79 305.86 -132.21
16 29 1500 45 175 350.00 700.00 4_TEM 645.275 556.89 295.28 -143.11
2 389 1500 45 175 350.00 700.00 4_TEM 649.305 574.08 299.31 -125.92
16 31 1500 45 175 700.00 175.00 1_LE 1021.185 167.05 321.19 -7.95
2 391 1500 45 175 700.00 175.00 1_LE 986.105 211.92 286.11 36.92
16 32 1500 45 175 700.00 175.00 2_LEM 1072.76 195.94 372.76 20.94
2 392 1500 45 175 700.00 175.00 2_LEM 1089.415 154.25 389.42 -20.75
16 33 1500 45 175 700.00 175.00 3-ME 1177.96 161.27 477.96 -13.73
2 393 1500 45 175 700.00 175.00 3-ME 1260.255 160.18 560.26 -14.82
16 35 1500 45 175 700.00 175.00 5_TE 998.925 132.07 298.93 -42.93
2 395 1500 45 175 700.00 175.00 5_TE 1102.91 158.74 402.91 -16.26
16 34 1500 45 175 700.00 175.00 4_TEM 1185.27 156.97 485.27 -18.03
2 394 1500 45 175 700.00 175.00 4_TEM 995.895 162.16 295.90 -12.84
16 36 1500 45 175 700.00 350.00 1_LE 1019.01 294.75 319.01 -55.25
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Temp D_H D_W Location W a H  Δ W a Δ H
2 396 1500 45 175 700.00 350.00 1_LE 1057.11 304.96 357.11 -45.04
16 37 1500 45 175 700.00 350.00 2_LEM 1082.405 303.28 382.41 -46.72
2 397 1500 45 175 700.00 350.00 2_LEM 990.31 270.92 290.31 -79.08
16 38 1500 45 175 700.00 350.00 3-ME 1110.545 282.01 410.55 -67.99
2 398 1500 45 175 700.00 350.00 3-ME 1160.225 256.22 460.23 -93.78
16 40 1500 45 175 700.00 350.00 5_TE 1037.475 263.5 337.48 -86.50
2 400 1500 45 175 700.00 350.00 5_TE 1046.415 268.71 346.42 -81.29
16 39 1500 45 175 700.00 350.00 4_TEM 1057.82 279.29 357.82 -70.71
2 399 1500 45 175 700.00 350.00 4_TEM 1110.33 257.85 410.33 -92.15
16 41 1500 45 175 700.00 700.00 1_LE 1005.445 570.87 305.45 -129.13
2 401 1500 45 175 700.00 700.00 1_LE 1094.08 588.3 394.08 -111.70
16 42 1500 45 175 700.00 700.00 2_LEM 990.375 561.66 290.38 -138.34
2 402 1500 45 175 700.00 700.00 2_LEM 1012.77 537.37 312.77 -162.63
16 43 1500 45 175 700.00 700.00 3-ME 1020.98 560.8 320.98 -139.20
2 403 1500 45 175 700.00 700.00 3-ME 1002.895 537.44 302.90 -162.56
16 45 1500 45 175 700.00 700.00 5_TE 959.84 503.42 259.84 -196.58
2 405 1500 45 175 700.00 700.00 5_TE 930.27 532.27 230.27 -167.73
16 44 1500 45 175 700.00 700.00 4_TEM 922.705 557.94 222.71 -142.06
2 404 1500 45 175 700.00 700.00 4_TEM 1032.41 531.78 332.41 -168.22
3 46 1500 45 200 175.00 175.00 1_LE 450.56 170.23 275.56 -4.77
5 406 1500 45 200 175.00 175.00 1_LE 547.95 166.36 372.95 -8.64
3 47 1500 45 200 175.00 175.00 2_LEM 515.3 149.42 340.30 -25.58
5 407 1500 45 200 175.00 175.00 2_LEM 514.84 153.48 339.84 -21.52
3 48 1500 45 200 175.00 175.00 3-ME 505.905 125.17 330.91 -49.83
5 408 1500 45 200 175.00 175.00 3-ME 510.33 137.2 335.33 -37.80
3 50 1500 45 200 175.00 175.00 5_TE 474.765 130.03 299.77 -44.97
5 410 1500 45 200 175.00 175.00 5_TE 624.485 141.01 449.49 -33.99
3 49 1500 45 200 175.00 175.00 4_TEM 523.69 117.05 348.69 -57.95
5 409 1500 45 200 175.00 175.00 4_TEM 514.55 134.23 339.55 -40.77
3 51 1500 45 200 175.00 350.00 1_LE 439.14 287.32 264.14 -62.68
5 411 1500 45 200 175.00 350.00 1_LE 467.83 290.62 292.83 -59.38
3 52 1500 45 200 175.00 350.00 2_LEM 506.43 267.84 331.43 -82.16
5 412 1500 45 200 175.00 350.00 2_LEM 533.06 268.9 358.06 -81.10
3 53 1500 45 200 175.00 350.00 3-ME 451.245 251.89 276.25 -98.11
5 413 1500 45 200 175.00 350.00 3-ME 526.37 266.26 351.37 -83.74
3 55 1500 45 200 175.00 350.00 5_TE 463.75 255.09 288.75 -94.91
5 415 1500 45 200 175.00 350.00 5_TE 540.52 273.3 365.52 -76.70
3 54 1500 45 200 175.00 350.00 4_TEM 481.295 267.74 306.30 -82.26
5 414 1500 45 200 175.00 350.00 4_TEM 520.605 261.28 345.61 -88.72
3 56 1500 45 200 175.00 700.00 1_LE 447.105 559.98 272.11 -140.02
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5 416 1500 45 200 175.00 700.00 1_LE 443 570.17 268.00 -129.83
3 57 1500 45 200 175.00 700.00 2_LEM 504.235 545.93 329.24 -154.07
5 417 1500 45 200 175.00 700.00 2_LEM 463.38 559.7 288.38 -140.30
3 58 1500 45 200 175.00 700.00 3-ME 467.8 534.76 292.80 -165.24
5 418 1500 45 200 175.00 700.00 3-ME 483.88 556.69 308.88 -143.31
3 60 1500 45 200 175.00 700.00 5_TE 448.75 523.85 273.75 -176.15
5 420 1500 45 200 175.00 700.00 5_TE 510.32 550.89 335.32 -149.11
3 59 1500 45 200 175.00 700.00 4_TEM 458.2 531.47 283.20 -168.53
5 419 1500 45 200 175.00 700.00 4_TEM 493.03 545.76 318.03 -154.24
3 61 1500 45 200 350.00 175.00 1_LE 563.115 150.77 213.12 -24.23
5 421 1500 45 200 350.00 175.00 1_LE 532.725 163.08 182.73 -11.92
3 62 1500 45 200 350.00 175.00 2_LEM 535.79 161.83 185.79 -13.17
5 422 1500 45 200 350.00 175.00 2_LEM 533.11 144.95 183.11 -30.05
3 63 1500 45 200 350.00 175.00 3-ME 548.09 116.62 198.09 -58.38
5 423 1500 45 200 350.00 175.00 3-ME 615.225 141.93 265.23 -33.07
3 65 1500 45 200 350.00 175.00 5_TE 512.2 125.06 162.20 -49.94
5 425 1500 45 200 350.00 175.00 5_TE 607.93 129.74 257.93 -45.26
3 64 1500 45 200 350.00 175.00 4_TEM 607.8 133.09 257.80 -41.91
5 424 1500 45 200 350.00 175.00 4_TEM 594.38 136.25 244.38 -38.75
3 66 1500 45 200 350.00 350.00 1_LE 637.995 301.41 288.00 -48.59
5 426 1500 45 200 350.00 350.00 1_LE 686.75 315.67 336.75 -34.33
3 67 1500 45 200 350.00 350.00 2_LEM 660.735 286.8 310.74 -63.20
5 427 1500 45 200 350.00 350.00 2_LEM 682.775 285.3 332.78 -64.70
3 68 1500 45 200 350.00 350.00 3-ME 645.6 267.2 295.60 -82.80
5 428 1500 45 200 350.00 350.00 3-ME 488.015 274.28 138.02 -75.72
3 70 1500 45 200 350.00 350.00 5_TE 764.75 257.66 414.75 -92.34
5 430 1500 45 200 350.00 350.00 5_TE 646.925 281.35 296.93 -68.65
3 69 1500 45 200 350.00 350.00 4_TEM 690.66 238.6 340.66 -111.40
5 429 1500 45 200 350.00 350.00 4_TEM 592.865 262.82 242.87 -87.18
3 71 1500 45 200 350.00 700.00 1_LE 750.395 559.49 400.40 -140.51
5 431 1500 45 200 350.00 700.00 1_LE 701.4 605.67 351.40 -94.33
3 72 1500 45 200 350.00 700.00 2_LEM 689.63 546.19 339.63 -153.81
5 432 1500 45 200 350.00 700.00 2_LEM 713.1 549.7 363.10 -150.30
3 73 1500 45 200 350.00 700.00 3-ME 645.79 567.35 295.79 -132.65
5 433 1500 45 200 350.00 700.00 3-ME 683.005 579.79 333.01 -120.21
3 75 1500 45 200 350.00 700.00 5_TE 677.75 564.32 327.75 -135.68
5 435 1500 45 200 350.00 700.00 5_TE 687.48 558.08 337.48 -141.92
3 74 1500 45 200 350.00 700.00 4_TEM 690.75 559.6 340.75 -140.40
5 434 1500 45 200 350.00 700.00 4_TEM 682.97 579.36 332.97 -120.64
3 76 1500 45 200 700.00 175.00 1_LE 885.495 191.45 185.50 16.45
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5 436 1500 45 200 700.00 175.00 1_LE 990.525 319.14 290.53 144.14
3 77 1500 45 200 700.00 175.00 2_LEM 841.12 288.6 141.12 113.60
5 437 1500 45 200 700.00 175.00 2_LEM 975.64 273.78 275.64 98.78
3 78 1500 45 200 700.00 175.00 3-ME 1013.2 250.07 313.20 75.07
5 438 1500 45 200 700.00 175.00 3-ME 908.825 253.33 208.83 78.33
3 80 1500 45 200 700.00 175.00 5_TE 844.69 181.64 144.69 6.64
5 440 1500 45 200 700.00 175.00 5_TE 825.28 202.69 125.28 27.69
3 79 1500 45 200 700.00 175.00 4_TEM 825.76 232.3 125.76 57.30
5 439 1500 45 200 700.00 175.00 4_TEM 917.195 235.6 217.20 60.60
3 81 1500 45 200 700.00 350.00 1_LE 1156.005 301.63 456.01 -48.37
5 441 1500 45 200 700.00 350.00 1_LE 1051.91 346.18 351.91 -3.82
3 82 1500 45 200 700.00 350.00 2_LEM 932.13 346.81 232.13 -3.19
5 442 1500 45 200 700.00 350.00 2_LEM 892.825 358.78 192.83 8.78
3 83 1500 45 200 700.00 350.00 3-ME 975.45 331.67 275.45 -18.33
5 443 1500 45 200 700.00 350.00 3-ME 893.115 372.63 193.12 22.63
3 85 1500 45 200 700.00 350.00 5_TE 995.35 298.26 295.35 -51.74
5 445 1500 45 200 700.00 350.00 5_TE 900.385 307.71 200.39 -42.29
3 84 1500 45 200 700.00 350.00 4_TEM 952.91 331.73 252.91 -18.27
5 444 1500 45 200 700.00 350.00 4_TEM 842.335 347.54 142.34 -2.46
3 86 1500 45 200 700.00 700.00 1_LE 990.35 568.85 290.35 -131.15
5 446 1500 45 200 700.00 700.00 1_LE 1035.495 611.36 335.50 -88.64
3 87 1500 45 200 700.00 700.00 2_LEM 1010.535 563.67 310.54 -136.33
5 447 1500 45 200 700.00 700.00 2_LEM 1020.485 547.59 320.49 -152.41
3 88 1500 45 200 700.00 700.00 3-ME 1009.795 566.44 309.80 -133.56
5 448 1500 45 200 700.00 700.00 3-ME 1087.83 569.73 387.83 -130.27
3 90 1500 45 200 700.00 700.00 5_TE 959.6 534.37 259.60 -165.63
5 450 1500 45 200 700.00 700.00 5_TE 1021.775 553.45 321.78 -146.55
3 89 1500 45 200 700.00 700.00 4_TEM 1011.42 518.14 311.42 -181.86
5 449 1500 45 200 700.00 700.00 4_TEM 1050.94 549.03 350.94 -150.97
13 91 1500 70 175 175.00 175.00 1_LE 491.305 142.68 316.31 -32.32
7 451 1500 70 175 175.00 175.00 1_LE 510.045 157.66 335.05 -17.34
13 92 1500 70 175 175.00 175.00 2_LEM 588.75 127.42 413.75 -47.58
7 452 1500 70 175 175.00 175.00 2_LEM 555.75 121.89 380.75 -53.11
13 93 1500 70 175 175.00 175.00 3-ME 675.65 126.22 500.65 -48.78
7 453 1500 70 175 175.00 175.00 3-ME 735.29 97.99 560.29 -77.01
13 95 1500 70 175 175.00 175.00 5_TE 548.31 116.98 373.31 -58.02
7 455 1500 70 175 175.00 175.00 5_TE 585.405 96.02 410.41 -78.98
13 94 1500 70 175 175.00 175.00 4_TEM 479.48 125.76 304.48 -49.24
7 454 1500 70 175 175.00 175.00 4_TEM 480.86 101.34 305.86 -73.66
13 96 1500 70 175 175.00 350.00 1_LE 459.085 281.74 284.09 -68.26
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7 456 1500 70 175 175.00 350.00 1_LE 494.375 263.06 319.38 -86.94
13 97 1500 70 175 175.00 350.00 2_LEM 548.19 246.51 373.19 -103.49
7 457 1500 70 175 175.00 350.00 2_LEM 548.15 242.54 373.15 -107.46
13 98 1500 70 175 175.00 350.00 3-ME 538.15 246.65 363.15 -103.35
7 458 1500 70 175 175.00 350.00 3-ME 767.285 209.23 592.29 -140.77
13 100 1500 70 175 175.00 350.00 5_TE 462.025 328.98 287.03 -21.02
7 460 1500 70 175 175.00 350.00 5_TE 443.865 190.13 268.87 -159.87
13 99 1500 70 175 175.00 350.00 4_TEM 526.975 235.93 351.98 -114.07
7 459 1500 70 175 175.00 350.00 4_TEM 596.4 203.69 421.40 -146.31
13 101 1500 70 175 175.00 700.00 1_LE 452.585 542.1 277.59 -157.90
7 461 1500 70 175 175.00 700.00 1_LE 427.865 540.89 252.87 -159.11
13 102 1500 70 175 175.00 700.00 2_LEM 516.585 525.75 341.59 -174.25
7 462 1500 70 175 175.00 700.00 2_LEM 390.6 506.23 215.60 -193.77
13 103 1500 70 175 175.00 700.00 3-ME 379.87 524.76 204.87 -175.24
7 463 1500 70 175 175.00 700.00 3-ME 368.045 493.65 193.05 -206.35
13 105 1500 70 175 175.00 700.00 5_TE 422.315 498.09 247.32 -201.91
7 465 1500 70 175 175.00 700.00 5_TE 407.785 473.88 232.79 -226.12
13 104 1500 70 175 175.00 700.00 4_TEM 401.26 505.76 226.26 -194.24
7 464 1500 70 175 175.00 700.00 4_TEM 466.285 489.67 291.29 -210.33
13 106 1500 70 175 350.00 175.00 1_LE 505.255 130.85 155.26 -44.15
7 466 1500 70 175 350.00 175.00 1_LE 585.36 145.79 235.36 -29.21
13 107 1500 70 175 350.00 175.00 2_LEM 556.64 136.16 206.64 -38.84
7 467 1500 70 175 350.00 175.00 2_LEM 490.965 148.46 140.97 -26.54
13 108 1500 70 175 350.00 175.00 3-ME 675.865 121.98 325.87 -53.02
7 468 1500 70 175 350.00 175.00 3-ME 712.825 125.83 362.83 -49.17
13 110 1500 70 175 350.00 175.00 5_TE 490.87 147.27 140.87 -27.73
7 470 1500 70 175 350.00 175.00 5_TE 422.015 128.19 72.02 -46.81
13 109 1500 70 175 350.00 175.00 4_TEM 497.815 110.73 147.82 -64.27
7 469 1500 70 175 350.00 175.00 4_TEM 481.255 107.91 131.26 -67.09
13 111 1500 70 175 350.00 350.00 1_LE 618.895 307.74 268.90 -42.26
7 471 1500 70 175 350.00 350.00 1_LE 634.92 320.98 284.92 -29.02
13 112 1500 70 175 350.00 350.00 2_LEM 668.095 285.18 318.10 -64.82
7 472 1500 70 175 350.00 350.00 2_LEM 609.79 302.47 259.79 -47.53
13 113 1500 70 175 350.00 350.00 3-ME 686.76 297.86 336.76 -52.14
7 473 1500 70 175 350.00 350.00 3-ME 617.505 297.96 267.51 -52.04
13 115 1500 70 175 350.00 350.00 5_TE 617.315 268.41 267.32 -81.59
7 475 1500 70 175 350.00 350.00 5_TE 601.91 263.21 251.91 -86.79
13 114 1500 70 175 350.00 350.00 4_TEM 773.37 273.11 423.37 -76.89
7 474 1500 70 175 350.00 350.00 4_TEM 727.775 286.62 377.78 -63.38
13 116 1500 70 175 350.00 700.00 1_LE 625.585 563.44 275.59 -136.56
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7 476 1500 70 175 350.00 700.00 1_LE 637.755 586.1 287.76 -113.90
13 117 1500 70 175 350.00 700.00 2_LEM 626.305 550.83 276.31 -149.17
7 477 1500 70 175 350.00 700.00 2_LEM 668.8 575.27 318.80 -124.73
13 118 1500 70 175 350.00 700.00 3-ME 617.83 532.87 267.83 -167.13
7 478 1500 70 175 350.00 700.00 3-ME 617.08 588.22 267.08 -111.78
13 120 1500 70 175 350.00 700.00 5_TE 633.87 523.43 283.87 -176.57
7 480 1500 70 175 350.00 700.00 5_TE 667.825 540.35 317.83 -159.65
13 119 1500 70 175 350.00 700.00 4_TEM 810.87 530.55 460.87 -169.45
7 479 1500 70 175 350.00 700.00 4_TEM 638.855 569.63 288.86 -130.37
13 121 1500 70 175 700.00 175.00 1_LE 916.16 242.54 216.16 67.54
7 481 1500 70 175 700.00 175.00 1_LE 937.875 298.71 237.88 123.71
13 122 1500 70 175 700.00 175.00 2_LEM 1005.605 308.06 305.61 133.06
7 482 1500 70 175 700.00 175.00 2_LEM 990.7 333.87 290.70 158.87
13 123 1500 70 175 700.00 175.00 3-ME 1050.7 288.86 350.70 113.86
7 483 1500 70 175 700.00 175.00 3-ME 1006.91 329.84 306.91 154.84
13 125 1500 70 175 700.00 175.00 5_TE 930.925 243.34 230.93 68.34
7 485 1500 70 175 700.00 175.00 5_TE 907.87 238.9 207.87 63.90
13 124 1500 70 175 700.00 175.00 4_TEM 1058.545 235.67 358.55 60.67
7 484 1500 70 175 700.00 175.00 4_TEM 960.395 262.64 260.40 87.64
13 126 1500 70 175 700.00 350.00 1_LE 945.75 324.57 245.75 -25.43
7 486 1500 70 175 700.00 350.00 1_LE 1050.835 426.14 350.84 76.14
13 127 1500 70 175 700.00 350.00 2_LEM 1040.25 375.24 340.25 25.24
7 487 1500 70 175 700.00 350.00 2_LEM 992.295 387.08 292.30 37.08
13 128 1500 70 175 700.00 350.00 3-ME 1110.04 359.1 410.04 9.10
7 488 1500 70 175 700.00 350.00 3-ME 1166.45 394.25 466.45 44.25
13 130 1500 70 175 700.00 350.00 5_TE 1017.425 378.03 317.43 28.03
7 490 1500 70 175 700.00 350.00 5_TE 1042.815 383.36 342.82 33.36
13 129 1500 70 175 700.00 350.00 4_TEM 1044.76 364.34 344.76 14.34
7 489 1500 70 175 700.00 350.00 4_TEM 1065.56 384.13 365.56 34.13
13 131 1500 70 175 700.00 700.00 1_LE 1020.765 597.11 320.77 -102.89
7 491 1500 70 175 700.00 700.00 1_LE 1012.825 590.14 312.83 -109.86
13 132 1500 70 175 700.00 700.00 2_LEM 1013.2 558.39 313.20 -141.61
7 492 1500 70 175 700.00 700.00 2_LEM 954.13 580.28 254.13 -119.72
13 133 1500 70 175 700.00 700.00 3-ME 976.865 546.43 276.87 -153.57
7 493 1500 70 175 700.00 700.00 3-ME 1005.455 623.96 305.46 -76.04
13 135 1500 70 175 700.00 700.00 5_TE 910.925 565.62 210.93 -134.38
7 495 1500 70 175 700.00 700.00 5_TE 985.925 595.86 285.93 -104.14
13 134 1500 70 175 700.00 700.00 4_TEM 1033.48 562.63 333.48 -137.37
7 494 1500 70 175 700.00 700.00 4_TEM 930.255 581.86 230.26 -118.14
12 136 1500 70 200 175.00 175.00 1_LE 481.74 145.37 306.74 -29.63
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11 496 1500 70 200 175.00 175.00 1_LE 526.125 167.34 351.13 -7.66
12 137 1500 70 200 175.00 175.00 2_LEM 533.085 124.35 358.09 -50.65
11 497 1500 70 200 175.00 175.00 2_LEM 521.395 117.83 346.40 -57.17
12 138 1500 70 200 175.00 175.00 3-ME 500.395 105.86 325.40 -69.14
11 498 1500 70 200 175.00 175.00 3-ME 420.275 107.58 245.28 -67.42
12 140 1500 70 200 175.00 175.00 5_TE 469.085 95.88 294.09 -79.12
11 500 1500 70 200 175.00 175.00 5_TE 480.545 89.72 305.55 -85.28
12 139 1500 70 200 175.00 175.00 4_TEM 595.59 125.06 420.59 -49.94
11 499 1500 70 200 175.00 175.00 4_TEM 521.455 112.29 346.46 -62.71
12 141 1500 70 200 175.00 350.00 1_LE 452.725 276.53 277.73 -73.47
11 501 1500 70 200 175.00 350.00 1_LE 548.155 285.85 373.16 -64.15
12 142 1500 70 200 175.00 350.00 2_LEM 457.92 239.8 282.92 -110.20
11 502 1500 70 200 175.00 350.00 2_LEM 345.5 240.31 170.50 -109.69
12 143 1500 70 200 175.00 350.00 3-ME 456.325 237.95 281.33 -112.05
11 503 1500 70 200 175.00 350.00 3-ME 465.305 230.86 290.31 -119.14
12 145 1500 70 200 175.00 350.00 5_TE 437.955 225.01 262.96 -124.99
11 505 1500 70 200 175.00 350.00 5_TE 391.925 207.61 216.93 -142.39
12 144 1500 70 200 175.00 350.00 4_TEM 490.345 247.15 315.35 -102.85
11 504 1500 70 200 175.00 350.00 4_TEM 532.83 224.53 357.83 -125.47
12 146 1500 70 200 175.00 700.00 1_LE 450.545 544.65 275.55 -155.35
11 506 1500 70 200 175.00 700.00 1_LE 405.265 569.32 230.27 -130.68
12 147 1500 70 200 175.00 700.00 2_LEM 443.85 523.33 268.85 -176.67
11 507 1500 70 200 175.00 700.00 2_LEM 476.4 526.8 301.40 -173.20
12 148 1500 70 200 175.00 700.00 3-ME 450.885 528.11 275.89 -171.89
11 508 1500 70 200 175.00 700.00 3-ME 436.805 522.17 261.81 -177.83
12 150 1500 70 200 175.00 700.00 5_TE 447.185 509.84 272.19 -190.16
11 510 1500 70 200 175.00 700.00 5_TE 442.82 485.44 267.82 -214.56
12 149 1500 70 200 175.00 700.00 4_TEM 518.25 527.97 343.25 -172.03
11 509 1500 70 200 175.00 700.00 4_TEM 457.725 504.68 282.73 -195.32
12 151 1500 70 200 350.00 175.00 1_LE 562.875 159.94 212.88 -15.06
11 511 1500 70 200 350.00 175.00 1_LE 541.835 145.77 191.84 -29.23
12 152 1500 70 200 350.00 175.00 2_LEM 491.3 127.36 141.30 -47.64
11 512 1500 70 200 350.00 175.00 2_LEM 540.515 159.7 190.52 -15.30
12 153 1500 70 200 350.00 175.00 3-ME 482.62 131.08 132.62 -43.92
11 513 1500 70 200 350.00 175.00 3-ME 548.36 128.69 198.36 -46.31
12 155 1500 70 200 350.00 175.00 5_TE 510.29 139.28 160.29 -35.72
11 515 1500 70 200 350.00 175.00 5_TE 513.83 136.77 163.83 -38.23
12 154 1500 70 200 350.00 175.00 4_TEM 549.8 143.67 199.80 -31.33
11 514 1500 70 200 350.00 175.00 4_TEM 472.785 129.29 122.79 -45.71
12 156 1500 70 200 350.00 350.00 1_LE 548.32 322.31 198.32 -27.69
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11 516 1500 70 200 350.00 350.00 1_LE 472.825 325.1 122.83 -24.90
12 157 1500 70 200 350.00 350.00 2_LEM 562.195 291.76 212.20 -58.24
11 517 1500 70 200 350.00 350.00 2_LEM
12 158 1500 70 200 350.00 350.00 3-ME 466.435 314.94 116.44 -35.06
11 518 1500 70 200 350.00 350.00 3-ME 525.46 296.98 175.46 -53.02
12 160 1500 70 200 350.00 350.00 5_TE 563.08 328.38 213.08 -21.62
11 520 1500 70 200 350.00 350.00 5_TE 598.555 322.37 248.56 -27.63
12 159 1500 70 200 350.00 350.00 4_TEM 504.395 322.95 154.40 -27.05
11 519 1500 70 200 350.00 350.00 4_TEM 630.27 311.94 280.27 -38.06
12 161 1500 70 200 350.00 700.00 1_LE 698.245 588.42 348.25 -111.58
11 521 1500 70 200 350.00 700.00 1_LE 645.92 604.34 295.92 -95.66
12 162 1500 70 200 350.00 700.00 2_LEM 675.645 581.8 325.65 -118.20
11 522 1500 70 200 350.00 700.00 2_LEM 652.845 581.62 302.85 -118.38
12 163 1500 70 200 350.00 700.00 3-ME 639.63 577.14 289.63 -122.86
11 523 1500 70 200 350.00 700.00 3-ME 660.305 596.41 310.31 -103.59
12 165 1500 70 200 350.00 700.00 5_TE 644.745 361.2 294.75 -338.80
11 525 1500 70 200 350.00 700.00 5_TE 731.385 573.76 381.39 -126.24
12 164 1500 70 200 350.00 700.00 4_TEM 686.22 588.48 336.22 -111.52
11 524 1500 70 200 350.00 700.00 4_TEM 622.875 596.36 272.88 -103.64
12 166 1500 70 200 700.00 175.00 1_LE 915.465 286.61 215.47 111.61
11 526 1500 70 200 700.00 175.00 1_LE 907.975 247.9 207.98 72.90
12 167 1500 70 200 700.00 175.00 2_LEM 825.84 296.83 125.84 121.83
11 527 1500 70 200 700.00 175.00 2_LEM 826.845 321.25 126.85 146.25
12 168 1500 70 200 700.00 175.00 3-ME 902.23 298.69 202.23 123.69
11 528 1500 70 200 700.00 175.00 3-ME 856.795 292.06 156.80 117.06
12 170 1500 70 200 700.00 175.00 5_TE 947.255 233.75 247.26 58.75
11 530 1500 70 200 700.00 175.00 5_TE 919.975 185.03 219.98 10.03
12 169 1500 70 200 700.00 175.00 4_TEM 998.34 251.98 298.34 76.98
11 529 1500 70 200 700.00 175.00 4_TEM 840.63 266.84 140.63 91.84
12 171 1500 70 200 700.00 350.00 1_LE 1013.295 396.31 313.30 46.31
11 531 1500 70 200 700.00 350.00 1_LE 1065.85 376.71 365.85 26.71
12 172 1500 70 200 700.00 350.00 2_LEM 923.24 405.97 223.24 55.97
11 532 1500 70 200 700.00 350.00 2_LEM 945.655 389.18 245.66 39.18
12 173 1500 70 200 700.00 350.00 3-ME 941.4 375.01 241.40 25.01
11 533 1500 70 200 700.00 350.00 3-ME 878.39 367.77 178.39 17.77
12 175 1500 70 200 700.00 350.00 5_TE 970.305 342.08 270.31 -7.92
11 535 1500 70 200 700.00 350.00 5_TE 1029.6 354.54 329.60 4.54
12 174 1500 70 200 700.00 350.00 4_TEM 1013.305 366.48 313.31 16.48
11 534 1500 70 200 700.00 350.00 4_TEM 990.37 356.86 290.37 6.86
12 176 1500 70 200 700.00 700.00 1_LE 1050.755 593.07 350.76 -106.93
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11 536 1500 70 200 700.00 700.00 1_LE 1125.27 613.82 425.27 -86.18
12 177 1500 70 200 700.00 700.00 2_LEM 1028.14 598.97 328.14 -101.03
11 537 1500 70 200 700.00 700.00 2_LEM 1005.31 583.26 305.31 -116.74
12 178 1500 70 200 700.00 700.00 3-ME 1059.855 551.87 359.86 -148.13
11 538 1500 70 200 700.00 700.00 3-ME 1016.57 574.1 316.57 -125.90
12 180 1500 70 200 700.00 700.00 5_TE 979.745 556.03 279.75 -143.97
11 540 1500 70 200 700.00 700.00 5_TE 990.275 566.21 290.28 -133.79
12 179 1500 70 200 700.00 700.00 4_TEM 1030.315 565.07 330.32 -134.93
11 539 1500 70 200 700.00 700.00 4_TEM 1072.73 572.75 372.73 -127.25
14 181 5100 45 175 175.00 175.00 1_LE 554.98 171.51 379.98 -3.49
9 541 5100 45 175 175.00 175.00 1_LE 548.24 228.09 373.24 53.09
14 182 5100 45 175 175.00 175.00 2_LEM 623.345 136.3 448.35 -38.70
9 542 5100 45 175 175.00 175.00 2_LEM 589.365 176.25 414.37 1.25
14 183 5100 45 175 175.00 175.00 3-ME 765.575 123.74 590.58 -51.26
9 543 5100 45 175 175.00 175.00 3-ME 615.145 173.73 440.15 -1.27
14 185 5100 45 175 175.00 175.00 5_TE 525.37 61.39 350.37 -113.61
9 545 5100 45 175 175.00 175.00 5_TE 509.92 160.36 334.92 -14.64
14 184 5100 45 175 175.00 175.00 4_TEM 472.32 100.8 297.32 -74.20
9 544 5100 45 175 175.00 175.00 4_TEM 495.345 162.27 320.35 -12.73
14 186 5100 45 175 175.00 350.00 1_LE 462.445 354.11 287.45 4.11
9 546 5100 45 175 175.00 350.00 1_LE 461.475 350.47 286.48 0.47
14 187 5100 45 175 175.00 350.00 2_LEM 559.13 278.63 384.13 -71.37
9 547 5100 45 175 175.00 350.00 2_LEM 600.395 294.33 425.40 -55.67
14 188 5100 45 175 175.00 350.00 3-ME 795.475 238.7 620.48 -111.30
9 548 5100 45 175 175.00 350.00 3-ME 570.48 289.62 395.48 -60.38
14 190 5100 45 175 175.00 350.00 5_TE 473.18 168.7 298.18 -181.30
9 550 5100 45 175 175.00 350.00 5_TE 457.86 287.76 282.86 -62.24
14 189 5100 45 175 175.00 350.00 4_TEM 513.12 220.48 338.12 -129.52
9 549 5100 45 175 175.00 350.00 4_TEM 469.16 281.02 294.16 -68.98
14 191 5100 45 175 175.00 700.00 1_LE 473.005 538.94 298.01 -161.06
9 551 5100 45 175 175.00 700.00 1_LE 407.3 597.51 232.30 -102.49
14 192 5100 45 175 175.00 700.00 2_LEM 408.675 531.85 233.68 -168.15
9 552 5100 45 175 175.00 700.00 2_LEM 435.405 569.74 260.41 -130.26
14 193 5100 45 175 175.00 700.00 3-ME 425.28 515.67 250.28 -184.33
9 553 5100 45 175 175.00 700.00 3-ME 412.515 570.04 237.52 -129.96
14 195 5100 45 175 175.00 700.00 5_TE 427.975 456.48 252.98 -243.52
9 555 5100 45 175 175.00 700.00 5_TE 401.535 558.6 226.54 -141.40
14 194 5100 45 175 175.00 700.00 4_TEM 510.735 496.95 335.74 -203.05
9 554 5100 45 175 175.00 700.00 4_TEM 469.085 552.4 294.09 -147.60
14 196 5100 45 175 350.00 175.00 1_LE 535.725 154.63 185.73 -20.37
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9 556 5100 45 175 350.00 175.00 1_LE 525.38 209.33 175.38 34.33
14 197 5100 45 175 350.00 175.00 2_LEM 513.79 157.77 163.79 -17.23
9 557 5100 45 175 350.00 175.00 2_LEM 498.98 161.73 148.98 -13.27
14 198 5100 45 175 350.00 175.00 3-ME 630.62 122.2 280.62 -52.80
9 558 5100 45 175 350.00 175.00 3-ME 648.93 158.89 298.93 -16.11
14 200 5100 45 175 350.00 175.00 5_TE 514.505 83.43 164.51 -91.57
9 560 5100 45 175 350.00 175.00 5_TE 517.565 146.43 167.57 -28.57
14 199 5100 45 175 350.00 175.00 4_TEM 528.295 111.52 178.30 -63.48
9 559 5100 45 175 350.00 175.00 4_TEM 455.135 138.65 105.14 -36.35
14 201 5100 45 175 350.00 350.00 1_LE 661.63 323.09 311.63 -26.91
9 561 5100 45 175 350.00 350.00 1_LE 681.745 354.78 331.75 4.78
14 202 5100 45 175 350.00 350.00 2_LEM 631.675 288.08 281.68 -61.92
9 562 5100 45 175 350.00 350.00 2_LEM 666.91 330.15 316.91 -19.85
14 203 5100 45 175 350.00 350.00 3-ME 602.605 267.75 252.61 -82.25
9 563 5100 45 175 350.00 350.00 3-ME 557.91 327.73 207.91 -22.27
14 205 5100 45 175 350.00 350.00 5_TE 625.39 235.44 275.39 -114.56
9 565 5100 45 175 350.00 350.00 5_TE 663.87 312.67 313.87 -37.33
14 204 5100 45 175 350.00 350.00 4_TEM 690.52 240.67 340.52 -109.33
9 564 5100 45 175 350.00 350.00 4_TEM 649.13 307.09 299.13 -42.91
14 206 5100 45 175 350.00 700.00 1_LE 705.075 556.3 355.08 -143.70
9 566 5100 45 175 350.00 700.00 1_LE 633.915 617.08 283.92 -82.92
14 207 5100 45 175 350.00 700.00 2_LEM 609.68 536.72 259.68 -163.28
9 567 5100 45 175 350.00 700.00 2_LEM 603.95 594.52 253.95 -105.48
14 208 5100 45 175 350.00 700.00 3-ME 660.78 549.47 310.78 -150.53
9 568 5100 45 175 350.00 700.00 3-ME 693.96 593.72 343.96 -106.28
14 210 5100 45 175 350.00 700.00 5_TE 608.285 502.6 258.29 -197.40
9 570 5100 45 175 350.00 700.00 5_TE 619.07 578.62 269.07 -121.38
14 209 5100 45 175 350.00 700.00 4_TEM 601.215 509.12 251.22 -190.88
9 569 5100 45 175 350.00 700.00 4_TEM 599.395 575.02 249.40 -124.98
14 211 5100 45 175 700.00 175.00 1_LE 966.29 171.32 266.29 -3.68
9 571 5100 45 175 700.00 175.00 1_LE 1089.44 217.76 389.44 42.76
14 212 5100 45 175 700.00 175.00 2_LEM 990.56 138.17 290.56 -36.83
9 572 5100 45 175 700.00 175.00 2_LEM 1080.34 198.18 380.34 23.18
14 213 5100 45 175 700.00 175.00 3-ME 1110.6 112.08 410.60 -62.92
9 573 5100 45 175 700.00 175.00 3-ME 1102.855 183.4 402.86 8.40
14 215 5100 45 175 700.00 175.00 5_TE 945.575 128.64 245.58 -46.36
9 575 5100 45 175 700.00 175.00 5_TE 924.41 200.14 224.41 25.14
14 214 5100 45 175 700.00 175.00 4_TEM 998.385 121.91 298.39 -53.09
9 574 5100 45 175 700.00 175.00 4_TEM 870.54 186.49 170.54 11.49
14 216 5100 45 175 700.00 350.00 1_LE 924.97 305.74 224.97 -44.26
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9 576 5100 45 175 700.00 350.00 1_LE 1016.465 339.79 316.47 -10.21
14 217 5100 45 175 700.00 350.00 2_LEM 1022.76 280.03 322.76 -69.97
9 577 5100 45 175 700.00 350.00 2_LEM 1027.73 279.68 327.73 -70.32
14 218 5100 45 175 700.00 350.00 3-ME 1148.3 232.22 448.30 -117.78
9 578 5100 45 175 700.00 350.00 3-ME 1162.88 288.21 462.88 -61.79
14 220 5100 45 175 700.00 350.00 5_TE 1035.785 248.57 335.79 -101.43
9 580 5100 45 175 700.00 350.00 5_TE 990.69 305.76 290.69 -44.24
14 219 5100 45 175 700.00 350.00 4_TEM 930.685 232.81 230.69 -117.19
9 579 5100 45 175 700.00 350.00 4_TEM 1006.95 286.27 306.95 -63.73
14 221 5100 45 175 700.00 700.00 1_LE 1029.18 622.46 329.18 -77.54
9 581 5100 45 175 700.00 700.00 1_LE 953.34 603.22 253.34 -96.78
14 222 5100 45 175 700.00 700.00 2_LEM 905.875 549.54 205.88 -150.46
9 582 5100 45 175 700.00 700.00 2_LEM 900.31 554.68 200.31 -145.32
14 223 5100 45 175 700.00 700.00 3-ME 933.18 515.18 233.18 -184.82
9 583 5100 45 175 700.00 700.00 3-ME 956.395 544.09 256.40 -155.91
14 225 5100 45 175 700.00 700.00 5_TE 932.48 546.97 232.48 -153.03
9 585 5100 45 175 700.00 700.00 5_TE 938.095 559.68 238.10 -140.32
14 224 5100 45 175 700.00 700.00 4_TEM 975.635 512.81 275.64 -187.19
9 584 5100 45 175 700.00 700.00 4_TEM 924.465 532.33 224.47 -167.67
6 226 5100 45 200 175.00 175.00 1_LE 570.255 184.09 395.26 9.09
4 586 5100 45 200 175.00 175.00 1_LE 517.785 167.71 342.79 -7.29
6 227 5100 45 200 175.00 175.00 2_LEM 564.775 143.93 389.78 -31.07
4 587 5100 45 200 175.00 175.00 2_LEM 573.925 138.65 398.93 -36.35
6 228 5100 45 200 175.00 175.00 3-ME 480.73 141.76 305.73 -33.24
4 588 5100 45 200 175.00 175.00 3-ME 488.035 106.18 313.04 -68.82
6 230 5100 45 200 175.00 175.00 5_TE 565.34 135.46 390.34 -39.54
4 590 5100 45 200 175.00 175.00 5_TE 544.395 133.94 369.40 -41.06
6 229 5100 45 200 175.00 175.00 4_TEM 562.73 135.55 387.73 -39.45
4 589 5100 45 200 175.00 175.00 4_TEM 543.875 133.19 368.88 -41.81
6 231 5100 45 200 175.00 350.00 1_LE 466.885 302.23 291.89 -47.77
4 591 5100 45 200 175.00 350.00 1_LE 487.855 283.12 312.86 -66.88
6 232 5100 45 200 175.00 350.00 2_LEM 570.37 264.61 395.37 -85.39
4 592 5100 45 200 175.00 350.00 2_LEM 498.905 262.74 323.91 -87.26
6 233 5100 45 200 175.00 350.00 3-ME 490.33 263.43 315.33 -86.57
4 593 5100 45 200 175.00 350.00 3-ME 457.55 222.5 282.55 -127.50
6 235 5100 45 200 175.00 350.00 5_TE 489.15 259.38 314.15 -90.62
4 595 5100 45 200 175.00 350.00 5_TE 457.73 260.68 282.73 -89.32
6 234 5100 45 200 175.00 350.00 4_TEM 495.255 261.07 320.26 -88.93
4 594 5100 45 200 175.00 350.00 4_TEM 473.05 253.71 298.05 -96.29
6 236 5100 45 200 175.00 700.00 1_LE 437.78 575.05 262.78 -124.95
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4 596 5100 45 200 175.00 700.00 1_LE 439.165 559.83 264.17 -140.17
6 237 5100 45 200 175.00 700.00 2_LEM 451.77 547.29 276.77 -152.71
4 597 5100 45 200 175.00 700.00 2_LEM 420.065 542.24 245.07 -157.76
6 238 5100 45 200 175.00 700.00 3-ME 444.34 542.34 269.34 -157.66
4 598 5100 45 200 175.00 700.00 3-ME 394.255 513.22 219.26 -186.78
6 240 5100 45 200 175.00 700.00 5_TE 457.895 539.06 282.90 -160.94
4 600 5100 45 200 175.00 700.00 5_TE 480.33 534.63 305.33 -165.37
6 239 5100 45 200 175.00 700.00 4_TEM 450.28 543.63 275.28 -156.37
4 599 5100 45 200 175.00 700.00 4_TEM 472.93 519.22 297.93 -180.78
6 241 5100 45 200 350.00 175.00 1_LE 535.85 153.7 185.85 -21.30
4 601 5100 45 200 350.00 175.00 1_LE 532.815 155.49 182.82 -19.51
6 242 5100 45 200 350.00 175.00 2_LEM 534.825 143.12 184.83 -31.88
4 602 5100 45 200 350.00 175.00 2_LEM 510.28 133.43 160.28 -41.57
6 243 5100 45 200 350.00 175.00 3-ME 519.23 143.47 169.23 -31.53
4 603 5100 45 200 350.00 175.00 3-ME 513.95 111.82 163.95 -63.18
6 245 5100 45 200 350.00 175.00 5_TE 548.46 137.56 198.46 -37.44
4 605 5100 45 200 350.00 175.00 5_TE 570.36 148.32 220.36 -26.68
6 244 5100 45 200 350.00 175.00 4_TEM 548.325 142.44 198.33 -32.56
4 604 5100 45 200 350.00 175.00 4_TEM 547.75 127.72 197.75 -47.28
6 246 5100 45 200 350.00 350.00 1_LE 661.815 332.34 311.82 -17.66
4 606 5100 45 200 350.00 350.00 1_LE 738.94 289.73 388.94 -60.27
6 247 5100 45 200 350.00 350.00 2_LEM 585.345 287.66 235.35 -62.34
4 607 5100 45 200 350.00 350.00 2_LEM 600.325 297.17 250.33 -52.83
6 248 5100 45 200 350.00 350.00 3-ME 592.88 294.12 242.88 -55.88
4 608 5100 45 200 350.00 350.00 3-ME 608.105 247.14 258.11 -102.86
6 250 5100 45 200 350.00 350.00 5_TE 570.225 281.96 220.23 -68.04
4 610 5100 45 200 350.00 350.00 5_TE 675.55 278.7 325.55 -71.30
6 249 5100 45 200 350.00 350.00 4_TEM 623.785 268.03 273.79 -81.97
4 609 5100 45 200 350.00 350.00 4_TEM 735.34 255.49 385.34 -94.51
6 251 5100 45 200 350.00 700.00 1_LE 653.28 594.67 303.28 -105.33
4 611 5100 45 200 350.00 700.00 1_LE 712.805 555.24 362.81 -144.76
6 252 5100 45 200 350.00 700.00 2_LEM 652.84 571.93 302.84 -128.07
4 612 5100 45 200 350.00 700.00 2_LEM 728.015 575.09 378.02 -124.91
6 253 5100 45 200 350.00 700.00 3-ME 615.825 576.95 265.83 -123.05
4 613 5100 45 200 350.00 700.00 3-ME 723.93 570.11 373.93 -129.89
6 255 5100 45 200 350.00 700.00 5_TE 630.755 559.76 280.76 -140.24
4 615 5100 45 200 350.00 700.00 5_TE 713.855 556.17 363.86 -143.83
6 254 5100 45 200 350.00 700.00 4_TEM 675.195 571.48 325.20 -128.52
4 614 5100 45 200 350.00 700.00 4_TEM 712.84 554.88 362.84 -145.12
6 256 5100 45 200 700.00 175.00 1_LE 1147.895 174.11 447.90 -0.89
C14
Table 8. 










Temp D_H D_W Location W a H  Δ W a Δ H
4 616 5100 45 200 700.00 175.00 1_LE 1113.93 228.97 413.93 53.97
6 257 5100 45 200 700.00 175.00 2_LEM 991.295 169.83 291.30 -5.17
4 617 5100 45 200 700.00 175.00 2_LEM 743.12 311.4 43.12 136.40
6 258 5100 45 200 700.00 175.00 3-ME 1026.94 168.9 326.94 -6.10
4 618 5100 45 200 700.00 175.00 3-ME 735.355 278.85 35.35 103.85
6 260 5100 45 200 700.00 175.00 5_TE 1081.86 165.51 381.86 -9.49
4 620 5100 45 200 700.00 175.00 5_TE 926.66 208.96 226.66 33.96
6 259 5100 45 200 700.00 175.00 4_TEM 1042.745 138.02 342.75 -36.98
4 619 5100 45 200 700.00 175.00 4_TEM 873.93 262.45 173.93 87.45
6 261 5100 45 200 700.00 350.00 1_LE 1066.37 287.87 366.37 -62.13
4 621 5100 45 200 700.00 350.00 1_LE 1121.475 343.66 421.48 -6.34
6 262 5100 45 200 700.00 350.00 2_LEM 1052.86 283.45 352.86 -66.55
4 622 5100 45 200 700.00 350.00 2_LEM 892.775 380.27 192.78 30.27
6 263 5100 45 200 700.00 350.00 3-ME 1111.285 278.11 411.29 -71.89
4 623 5100 45 200 700.00 350.00 3-ME 937.875 379.55 237.88 29.55
6 265 5100 45 200 700.00 350.00 5_TE 1036.325 260.89 336.33 -89.11
4 625 5100 45 200 700.00 350.00 5_TE 948.905 331.92 248.91 -18.08
6 264 5100 45 200 700.00 350.00 4_TEM 1073.805 255.55 373.81 -94.45
4 624 5100 45 200 700.00 350.00 4_TEM 903.91 351.83 203.91 1.83
6 266 5100 45 200 700.00 700.00 1_LE 1042.8 573.02 342.80 -126.98
4 626 5100 45 200 700.00 700.00 1_LE 1031.375 572.49 331.38 -127.51
6 267 5100 45 200 700.00 700.00 2_LEM 991.26 546.91 291.26 -153.09
4 627 5100 45 200 700.00 700.00 2_LEM 1039.1 585.37 339.10 -114.63
6 268 5100 45 200 700.00 700.00 3-ME 963.81 543.23 263.81 -156.77
4 628 5100 45 200 700.00 700.00 3-ME 1028.08 555.08 328.08 -144.92
6 270 5100 45 200 700.00 700.00 5_TE 705.77 543.34 5.77 -156.66
4 630 5100 45 200 700.00 700.00 5_TE 1005.235 577.18 305.24 -122.82
6 269 5100 45 200 700.00 700.00 4_TEM 999.12 540.18 299.12 -159.82
4 629 5100 45 200 700.00 700.00 4_TEM 1046.62 561.64 346.62 -138.36
8 271 5100 70 175 175.00 175.00 1_LE 517.785 197.46 342.79 22.46
1 631 5100 70 175 175.00 175.00 1_LE 577.82 151.91 402.82 -23.09
8 272 5100 70 175 175.00 175.00 2_LEM 619.735 124.17 444.74 -50.83
1 632 5100 70 175 175.00 175.00 2_LEM 566.425 115.63 391.43 -59.37
8 273 5100 70 175 175.00 175.00 3-ME 727.94 144.86 552.94 -30.14
1 633 5100 70 175 175.00 175.00 3-ME 476.53 102.35 301.53 -72.65
8 275 5100 70 175 175.00 175.00 5_TE 542.285 166.17 367.29 -8.83
1 635 5100 70 175 175.00 175.00 5_TE 525.285 113.56 350.29 -61.44
8 274 5100 70 175 175.00 175.00 4_TEM 559.285 136.09 384.29 -38.91
1 634 5100 70 175 175.00 175.00 4_TEM 461.44 124.03 286.44 -50.97
8 276 5100 70 175 175.00 350.00 1_LE 579.395 351.87 404.40 1.87
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1 636 5100 70 175 175.00 350.00 1_LE 495.305 253.62 320.31 -96.38
8 277 5100 70 175 175.00 350.00 2_LEM 607.755 249.2 432.76 -100.80
1 637 5100 70 175 175.00 350.00 2_LEM 629.35 225.76 454.35 -124.24
8 278 5100 70 175 175.00 350.00 3-ME 817.785 269.09 642.79 -80.91
1 638 5100 70 175 175.00 350.00 3-ME 832.745 205.18 657.75 -144.82
8 280 5100 70 175 175.00 350.00 5_TE 549.59 305.56 374.59 -44.44
1 640 5100 70 175 175.00 350.00 5_TE 488.015 225.07 313.02 -124.93
8 279 5100 70 175 175.00 350.00 4_TEM 657.33 267.63 482.33 -82.37
1 639 5100 70 175 175.00 350.00 4_TEM 428.085 234.29 253.09 -115.71
8 281 5100 70 175 175.00 700.00 1_LE 624.36 557.91 449.36 -142.09
1 641 5100 70 175 175.00 700.00 1_LE 431.425 520.89 256.43 -179.11
8 282 5100 70 175 175.00 700.00 2_LEM 412.795 525.97 237.80 -174.03
1 642 5100 70 175 175.00 700.00 2_LEM 367.92 500.01 192.92 -199.99
8 283 5100 70 175 175.00 700.00 3-ME 376.81 540.74 201.81 -159.26
1 643 5100 70 175 175.00 700.00 3-ME 330.23 480.62 155.23 -219.38
8 285 5100 70 175 175.00 700.00 5_TE 459.535 565.93 284.54 -134.07
1 645 5100 70 175 175.00 700.00 5_TE 420.555 500.41 245.56 -199.59
8 284 5100 70 175 175.00 700.00 4_TEM 480.175 528.03 305.18 -171.97
1 644 5100 70 175 175.00 700.00 4_TEM 405.59 500.62 230.59 -199.38
8 286 5100 70 175 350.00 175.00 1_LE 578.45 185.02 228.45 10.02
1 646 5100 70 175 350.00 175.00 1_LE 570.02 148.27 220.02 -26.73
8 287 5100 70 175 350.00 175.00 2_LEM 496.345 139.02 146.35 -35.98
1 647 5100 70 175 350.00 175.00 2_LEM 600.58 134.51 250.58 -40.49
8 288 5100 70 175 350.00 175.00 3-ME 705.385 147.56 355.39 -27.44
1 648 5100 70 175 350.00 175.00 3-ME 731.385 113.71 381.39 -61.29
8 290 5100 70 175 350.00 175.00 5_TE 585.45 181.95 235.45 6.95
1 650 5100 70 175 350.00 175.00 5_TE 593.355 154.93 243.36 -20.07
8 289 5100 70 175 350.00 175.00 4_TEM 498.84 129.62 148.84 -45.38
1 649 5100 70 175 350.00 175.00 4_TEM 562.885 148.19 212.89 -26.81
8 291 5100 70 175 350.00 350.00 1_LE 637.825 654.52 287.83 304.52
1 651 5100 70 175 350.00 350.00 1_LE 690.54 304.19 340.54 -45.81
8 292 5100 70 175 350.00 350.00 2_LEM 615.34 283.79 265.34 -66.21
1 652 5100 70 175 350.00 350.00 2_LEM 641.395 304.98 291.40 -45.02
8 293 5100 70 175 350.00 350.00 3-ME 616.795 292.73 266.80 -57.27
1 653 5100 70 175 350.00 350.00 3-ME 716.385 288.4 366.39 -61.60
8 295 5100 70 175 350.00 350.00 5_TE 639.395 316.77 289.40 -33.23
1 655 5100 70 175 350.00 350.00 5_TE 637.785 324.11 287.79 -25.89
8 294 5100 70 175 350.00 350.00 4_TEM 960.315 282.39 610.32 -67.61
1 654 5100 70 175 350.00 350.00 4_TEM 765.59 300.84 415.59 -49.16
8 296 5100 70 175 350.00 700.00 1_LE 782.34 592.22 432.34 -107.78
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1 656 5100 70 175 350.00 700.00 1_LE 671.375 570.7 321.38 -129.30
8 297 5100 70 175 350.00 700.00 2_LEM 586.34 564.97 236.34 -135.03
1 657 5100 70 175 350.00 700.00 2_LEM 656.71 574.72 306.71 -125.28
8 298 5100 70 175 350.00 700.00 3-ME 682.73 560.3 332.73 -139.70
1 658 5100 70 175 350.00 700.00 3-ME 750.29 584.19 400.29 -115.81
8 300 5100 70 175 350.00 700.00 5_TE 712.785 593.9 362.79 -106.10
1 660 5100 70 175 350.00 700.00 5_TE 661.34 577.37 311.34 -122.63
8 299 5100 70 175 350.00 700.00 4_TEM 623.805 544.62 273.81 -155.38
1 659 5100 70 175 350.00 700.00 4_TEM 720.86 590.32 370.86 -109.68
8 301 5100 70 175 700.00 175.00 1_LE 1053.435 205.08 353.44 30.08
1 661 5100 70 175 700.00 175.00 1_LE 971.33 265.82 271.33 90.82
8 302 5100 70 175 700.00 175.00 2_LEM 1012.62 162.27 312.62 -12.73
1 662 5100 70 175 700.00 175.00 2_LEM 990.335 335.12 290.34 160.12
8 303 5100 70 175 700.00 175.00 3-ME 1140.245 167.11 440.25 -7.89
1 663 5100 70 175 700.00 175.00 3-ME 1147.735 303.52 447.74 128.52
8 305 5100 70 175 700.00 175.00 5_TE 1051.885 205.16 351.89 30.16
1 665 5100 70 175 700.00 175.00 5_TE 915.34 289.29 215.34 114.29
8 304 5100 70 175 700.00 175.00 4_TEM 990.235 171.39 290.24 -3.61
1 664 5100 70 175 700.00 175.00 4_TEM 1035.61 279.56 335.61 104.56
8 306 5100 70 175 700.00 350.00 1_LE 990.445 333.49 290.45 -16.51
1 666 5100 70 175 700.00 350.00 1_LE 937.73 437.81 237.73 87.81
8 307 5100 70 175 700.00 350.00 2_LEM 1012.735 284.29 312.74 -65.71
1 667 5100 70 175 700.00 350.00 2_LEM 1057.805 388.1 357.81 38.10
8 308 5100 70 175 700.00 350.00 3-ME 1162.735 259.55 462.74 -90.45
1 668 5100 70 175 700.00 350.00 3-ME 1178.43 381.65 478.43 31.65
8 310 5100 70 175 700.00 350.00 5_TE 1073.785 308.76 373.79 -41.24
1 670 5100 70 175 700.00 350.00 5_TE 986.45 409.21 286.45 59.21
8 309 5100 70 175 700.00 350.00 4_TEM 1071.86 286.17 371.86 -63.83
1 669 5100 70 175 700.00 350.00 4_TEM 990.68 416.95 290.68 66.95
8 311 5100 70 175 700.00 700.00 1_LE 1050.525 599.87 350.53 -100.13
1 671 5100 70 175 700.00 700.00 1_LE 1095.33 594.77 395.33 -105.23
8 312 5100 70 175 700.00 700.00 2_LEM 961.84 541.67 261.84 -158.33
1 672 5100 70 175 700.00 700.00 2_LEM 1046.45 628.41 346.45 -71.59
8 313 5100 70 175 700.00 700.00 3-ME 1006.84 527.03 306.84 -172.97
1 673 5100 70 175 700.00 700.00 3-ME 1023.865 621.47 323.87 -78.53
8 315 5100 70 175 700.00 700.00 5_TE 994.835 576.3 294.84 -123.70
1 675 5100 70 175 700.00 700.00 5_TE 1050.58 662.6 350.58 -37.40
8 314 5100 70 175 700.00 700.00 4_TEM 975.455 536.56 275.46 -163.44
1 674 5100 70 175 700.00 700.00 4_TEM 975.495 627.01 275.50 -72.99
15 316 5100 70 200 175.00 175.00 1_LE 525.295 184.13 350.30 9.13
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10 676 5100 70 200 175.00 175.00 1_LE 457.84 130.77 282.84 -44.23
15 317 5100 70 200 175.00 175.00 2_LEM 527.305 150.14 352.31 -24.86
10 677 5100 70 200 175.00 175.00 2_LEM 483.885 109.84 308.89 -65.16
15 318 5100 70 200 175.00 175.00 3-ME 502.865 132.87 327.87 -42.13
10 678 5100 70 200 175.00 175.00 3-ME 446.445 98.5 271.45 -76.50
15 320 5100 70 200 175.00 175.00 5_TE 533.46 133.05 358.46 -41.95
10 680 5100 70 200 175.00 175.00 5_TE 459.25 83.16 284.25 -91.84
15 319 5100 70 200 175.00 175.00 4_TEM 592.785 134.08 417.79 -40.92
10 679 5100 70 200 175.00 175.00 4_TEM 450.67 104.55 275.67 -70.45
15 321 5100 70 200 175.00 350.00 1_LE 480.355 316.59 305.36 -33.41
10 681 5100 70 200 175.00 350.00 1_LE 498.93 254.73 323.93 -95.27
15 322 5100 70 200 175.00 350.00 2_LEM 540.285 275.12 365.29 -74.88
10 682 5100 70 200 175.00 350.00 2_LEM 432.24 219.27 257.24 -130.73
15 323 5100 70 200 175.00 350.00 3-ME 412.895 258.34 237.90 -91.66
10 683 5100 70 200 175.00 350.00 3-ME 469.05 217.97 294.05 -132.03
15 325 5100 70 200 175.00 350.00 5_TE 477.095 258.24 302.10 -91.76
10 685 5100 70 200 175.00 350.00 5_TE 439.39 205.12 264.39 -144.88
15 324 5100 70 200 175.00 350.00 4_TEM 488.8 264.82 313.80 -85.18
10 684 5100 70 200 175.00 350.00 4_TEM 435.31 216.8 260.31 -133.20
15 326 5100 70 200 175.00 700.00 1_LE 442.895 590.89 267.90 -109.11
10 686 5100 70 200 175.00 700.00 1_LE 461.48 531.43 286.48 -168.57
15 327 5100 70 200 175.00 700.00 2_LEM 448.45 551.79 273.45 -148.21
10 687 5100 70 200 175.00 700.00 2_LEM 450.36 503.84 275.36 -196.16
15 328 5100 70 200 175.00 700.00 3-ME 398.115 534.51 223.12 -165.49
10 688 5100 70 200 175.00 700.00 3-ME 413.195 505.59 238.20 -194.41
15 330 5100 70 200 175.00 700.00 5_TE 392.76 525.14 217.76 -174.86
10 690 5100 70 200 175.00 700.00 5_TE 397.78 479.85 222.78 -220.15
15 329 5100 70 200 175.00 700.00 4_TEM 397.34 535.21 222.34 -164.79
10 689 5100 70 200 175.00 700.00 4_TEM 487.885 490.36 312.89 -209.64
15 331 5100 70 200 350.00 175.00 1_LE 570.775 171.09 220.78 -3.91
10 691 5100 70 200 350.00 175.00 1_LE 525.39 130.56 175.39 -44.44
15 332 5100 70 200 350.00 175.00 2_LEM 576.34 148.75 226.34 -26.25
10 692 5100 70 200 350.00 175.00 2_LEM 555.31 115.01 205.31 -59.99
15 333 5100 70 200 350.00 175.00 3-ME 473.16 147.08 123.16 -27.92
10 693 5100 70 200 350.00 175.00 3-ME 499.175 111.94 149.18 -63.06
15 335 5100 70 200 350.00 175.00 5_TE 586.84 135.34 236.84 -39.66
10 695 5100 70 200 350.00 175.00 5_TE 435.31 119.44 85.31 -55.56
15 334 5100 70 200 350.00 175.00 4_TEM 570.42 138.75 220.42 -36.25
10 694 5100 70 200 350.00 175.00 4_TEM 311.53 112.59 -38.47 -62.41
15 336 5100 70 200 350.00 350.00 1_LE 645.28 322.34 295.28 -27.66
10 696 5100 70 200 350.00 350.00 1_LE
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15 337 5100 70 200 350.00 350.00 2_LEM 637.99 304.74 287.99 -45.26
10 697 5100 70 200 350.00 350.00 2_LEM
15 338 5100 70 200 350.00 350.00 3-ME 616.285 282.49 266.29 -67.51
10 698 5100 70 200 350.00 350.00 3-ME 596.385 307.17 246.39 -42.83
15 340 5100 70 200 350.00 350.00 5_TE 585.6 275.87 235.60 -74.13
10 700 5100 70 200 350.00 350.00 5_TE
15 339 5100 70 200 350.00 350.00 4_TEM 639.38 264.46 289.38 -85.54
10 699 5100 70 200 350.00 350.00 4_TEM
15 341 5100 70 200 350.00 700.00 1_LE 675.62 590.76 325.62 -109.24
10 701 5100 70 200 350.00 700.00 1_LE 652.895 593.58 302.90 -106.42
15 342 5100 70 200 350.00 700.00 2_LEM 645.395 578.67 295.40 -121.33
10 702 5100 70 200 350.00 700.00 2_LEM 627.44 576.41 277.44 -123.59
15 343 5100 70 200 350.00 700.00 3-ME 677.895 539.66 327.90 -160.34
10 703 5100 70 200 350.00 700.00 3-ME 593.01 582.77 243.01 -117.23
15 345 5100 70 200 350.00 700.00 5_TE 579.255 547.86 229.26 -152.14
10 705 5100 70 200 350.00 700.00 5_TE 657.405 583.15 307.41 -116.85
15 344 5100 70 200 350.00 700.00 4_TEM 754.84 561.47 404.84 -138.53
10 704 5100 70 200 350.00 700.00 4_TEM 607.88 570.01 257.88 -129.99
15 346 5100 70 200 700.00 175.00 1_LE 1155.625 183.18 455.63 8.18
10 706 5100 70 200 700.00 175.00 1_LE 990.375 257.32 290.38 82.32
15 347 5100 70 200 700.00 175.00 2_LEM 1066.395 168.35 366.40 -6.65
10 707 5100 70 200 700.00 175.00 2_LEM 915.29 296.46 215.29 121.46
15 348 5100 70 200 700.00 175.00 3-ME 1014.465 142.77 314.47 -32.23
10 708 5100 70 200 700.00 175.00 3-ME 960.395 273.08 260.40 98.08
15 350 5100 70 200 700.00 175.00 5_TE 1052.085 151.17 352.09 -23.83
10 710 5100 70 200 700.00 175.00 5_TE 802.875 213.38 102.88 38.38
15 349 5100 70 200 700.00 175.00 4_TEM 1052.45 143.56 352.45 -31.44
10 709 5100 70 200 700.00 175.00 4_TEM 795.31 240.23 95.31 65.23
15 351 5100 70 200 700.00 350.00 1_LE 1058.395 300.08 358.40 -49.92
10 711 5100 70 200 700.00 350.00 1_LE 975.54 393.7 275.54 43.70
15 352 5100 70 200 700.00 350.00 2_LEM 1086.955 299.48 386.96 -50.52
10 712 5100 70 200 700.00 350.00 2_LEM 828.965 379.92 128.97 29.92
15 353 5100 70 200 700.00 350.00 3-ME 1095.365 274.59 395.37 -75.41
10 713 5100 70 200 700.00 350.00 3-ME 885.485 380.53 185.49 30.53
15 355 5100 70 200 700.00 350.00 5_TE 1126.825 252.41 426.83 -97.59
10 715 5100 70 200 700.00 350.00 5_TE 938.18 320.34 238.18 -29.66
15 354 5100 70 200 700.00 350.00 4_TEM 1081.895 285.36 381.90 -64.64
10 714 5100 70 200 700.00 350.00 4_TEM 1005.375 343.91 305.38 -6.09
15 356 5100 70 200 700.00 700.00 1_LE 1155.5 580.09 455.50 -119.91
10 716 5100 70 200 700.00 700.00 1_LE 975.405 646.49 275.41 -53.51
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15 357 5100 70 200 700.00 700.00 2_LEM 975.365 548.13 275.37 -151.87
10 717 5100 70 200 700.00 700.00 2_LEM 1012.535 607.89 312.54 -92.11
15 358 5100 70 200 700.00 700.00 3-ME 975.29 540.66 275.29 -159.34
10 718 5100 70 200 700.00 700.00 3-ME 1057.535 614.79 357.54 -85.21
15 360 5100 70 200 700.00 700.00 5_TE 992.4 521.77 292.40 -178.23
10 720 5100 70 200 700.00 700.00 5_TE 1050.43 594.92 350.43 -105.08
15 359 5100 70 200 700.00 700.00 4_TEM 1012.84 526.78 312.84 -173.22





Comprehensive 6-way ANOVA table results for response variable ∆H
Source DF Adj SS Adj MS F-Value P-Value
Model 359 33541126 9864 7.72 0.000
Linear 11 22903467 263952 206.71 0.000
Cooling Fan 1 4605 4605 3.61 0.058
Platen Temp 1 8645 8645 6.77 0.010
Nozzle Temp 1 175 175 0.14 0.712
D_W 2 464401 232201 181.85 0.000
D_H 2 22292528 1146264 897.70 0.000
Location 4 132460 33115 25.93 0.000
2-Way Interactions 47 378123 8045 6.30 0.000
Cooling Fan*Platen Temp 1 1053 1053 0.82 0.364
Cooling Fan*Nozzle Temp 1 3477 3477 2.72 0.100
Cooling Fan*D_W 2 14054 7027 5.50 0.004
Cooling Fan*D_H 2 4834 2417 1.89 0.152
Cooling Fan*Location 4 9357 2339 1.83 0.122
Platen Temp*Nozzle Temp 1 5783 5783 4.53 0.034
Platen Temp*D_W 2 149498 74749 58.54 0.000
Platen Temp*D_H 2 6444 3222 2.52 0.082
Platen Temp*Location 4 397 99 0.08 0.989
Nozzle Temp*D_W 2 14045 7023 5.50 0.004
Nozzle Temp*D_H 2 1154 577 0.45 0.637
Nozzle Temp*Location 4 9272 2318 1.82 0.125
D_W*D_H 4 138555 34639 27.13 0.000
D_W*Location 8 12320 1540 1.21 0.294
D_H*Location 8 6740 843 0.66 0.727
3-Way Interactions 101 167786 1661 1.30 0.043
Cooling Fan*Platen Temp*Nozzle Temp 1 6129 6129 4.80 0.029
Cooling Fan*Platen Temp*D_W 2 15110 7555 5.92 0.003
Cooling Fan*Platen Temp*D_H 2 1715 858 0.67 0.512
Cooling Fan*Platen Temp*Location 4 5293 1323 1.04 0.388
Cooling Fan*Nozzle Temp*D_W 2 3636 1818 1.42 0.242
Cooling Fan*Nozzle Temp*D_H 2 1382 691 0.54 0.583
Cooling Fan*Nozzle Temp*Location 4 4071 1018 0.80 0.528
D2
Table 9 cont.
Source DF Adj SS Adj MS F-Value P-Value
Cooling Fan*D_W*D_H 4 11452 2863 2.24 0.064
Cooling Fan*D_W*Location 8 4942 618 0.48 0.868
Cooling Fan*D_H*Location 8 8383 1048 0.82 0.585
Platen Temp*Nozzle Temp*D_W 2 39380 19690 15.42 0.000
Platen Temp*Nozzle Temp*D_H 2 3397 1699 1.33 0.266
Platen Temp*Nozzle Temp*Location 4 8719 2180 1.71 0.148
Platen Temp*D_W*D_H 4 8327 2082 1.63 0.166
Platen Temp*D_W*Location 8 1822 228 0.18 0.994
Platen Temp*D_H*Location 8 3209 401 0.31 0.961
Nozzle Temp*D_W*D_H 4 9100 2275 1.78 0.132
Nozzle Temp*D_W*Location 8 5722 715 0.56 0.810
Nozzle Temp*D_H*Location 8 4046 506 0.40 0.922
D_W*D_H*Location 16 21038 1315 1.03 0.424
4-Way Interactions 116 57980 500 0.39 1.000
Cooling Fan*Platen Temp*Nozzle Temp*D_W 2 4070 2035 1.59 0.205
Cooling Fan*Platen Temp*Nozzle Temp*D_H 2 479 239 0.19 0.829
Cooling Fan*Platen Temp*Nozzle Temp*Location 4 6584 1646 1.29 0.274
Cooling Fan*Platen Temp*D_W*D_H 4 2249 562 0.44 0.779
Cooling Fan*Platen Temp*D_W*Location 8 4645 581 0.45 0.887
Cooling Fan*Platen Temp*D_H*Location 8 2095 262 0.21 0.990
Cooling Fan*Nozzle Temp*D_W*D_H 4 1179 295 0.23 0.921
Cooling Fan*Nozzle Temp*D_W*Location 8 2977 372 0.29 0.969
Cooling Fan*Nozzle Temp*D_H*Location 8 2542 318 0.25 0.981
Cooling Fan*D_W*D_H*Location 16 4125 258 0.20 1.000
Platen Temp*Nozzle Temp*D_W*D_H 4 8175 2044 1.60 0.174
Platen Temp*Nozzle Temp*D_W*Location 8 5922 740 0.58 0.795
Platen Temp*Nozzle Temp*D_H*Location 8 2668 334 0.26 0.978
Platen Temp*D_W*D_H*Location 16 5861 366 0.29 0.997
Nozzle Temp*D_W*D_H*Location 16 3995 250 0.20 1.000
5-Way Interactions 68 25852 380 0.30 1.000
Cooling Fan*Platen Temp*Nozzle Temp*D_W*D_H 4 2051 513 0.40 0.808
Cooling Fan*Platen Temp*Nozzle Temp*D_W*Location 8 2146 268 0.21 0.989
Cooling Fan*Platen Temp*Nozzle Temp*D_H*Location 8 3373 422 0.33 0.954
Cooling Fan*Platen Temp*D_W*D_H*Location 16 6795 425 0.33 0.993
Cooling Fan*Nozzle Temp*D_W*D_H*Location 16 4205 263 0.21 1.000
Platen Temp*Nozzle Temp*D_W*D_H*Location 16 7076 442 0.35 0.992
6-Way Interactions 16 4691 293 0.23 0.999
Cooling Fan*Platen Temp*Nozzle Temp*D_W*D_H*Location 16 4691 293 0.23 0.999




Comprehensive 6-way ANOVA table results for response variable ∆W a
Source DF Adj SS Adj MS F-Value P-Value
Model 359 33921107 10922 3.30 0.000
Linear 11 751014 68274 20.61 0.000
Cooling Fan 1 17348 17348 5.24 0.023
Platen Temp 1 175 175 0.05 0.818
Nozzle Temp 1 133913 133913 40.42 0.000
D_W 2 340100 170050 51.33 0.000
D_H 2 151809 75905 22.91 0.000
Location 4 100281 25070 7.57 0.000
2-Way Interactions 47 11751082 37257 11.25 0.000
Cooling Fan*Platen Temp 1 26715 26715 8.06 0.005
Cooling Fan*Nozzle Temp 1 340 340 0.10 0.749
Cooling Fan*D_W 2 2593 1296 0.39 0.676
Cooling Fan*D_H 2 37365 18683 5.64 0.004
Cooling Fan*Location 4 20038 5010 1.51 0.198
Platen Temp*Nozzle Temp 1 57038 57038 17.22 0.000
Platen Temp*D_W 2 4588 2294 0.69 0.501
Platen Temp*D_H 2 5889 2945 0.89 0.412
Platen Temp*Location 4 8271 2068 0.62 0.646
Nozzle Temp*D_W 2 14783 7392 2.23 0.109
Nozzle Temp*D_H 2 213146 106573 32.17 0.000
Nozzle Temp*Location 4 238588 59647 18.00 0.000
D_W*D_H 4 934986 233746 70.55 0.000
D_W*Location 8 94213 11777 3.55 0.001
D_H*Location 8 89817 11227 3.39 0.001
3-Way Interactions 101 774718 7670 2.32 0.000
Cooling Fan*Platen Temp*Nozzle Temp 1 8484 8484 2.56 0.110
Cooling Fan*Platen Temp*D_W 2 33606 16803 5.07 0.007
Cooling Fan*Platen Temp*D_H 2 592 296 0.09 0.915
Cooling Fan*Platen Temp*Location 4 5358 1339 0.40 0.806
Cooling Fan*Nozzle Temp*D_W 2 56870 28435 8.58 0.000
Cooling Fan*Nozzle Temp*D_H 2 10651 5325 1.61 0.202
Cooling Fan*Nozzle Temp*Location 4 11347 2837 0.86 0.490
Cooling Fan*D_W*D_H 4 13196 3299 1.00 0.410
Cooling Fan*D_W*Location 8 4027 503 0.15 0.996
Cooling Fan*D_H*Location 8 37313 4664 1.41 0.192
Platen Temp*Nozzle Temp*D_W 2 58721 29360 8.86 0.000
Platen Temp*Nozzle Temp*D_H 2 11393 5697 1.72 0.181
Platen Temp*Nozzle Temp*Location 4 4179 1045 0.32 0.868
Platen Temp*D_W*D_H 4 29406 7351 2.22 0.067
Platen Temp*D_W*Location 8 27419 3427 1.03 0.409
Platen Temp*D_H*Location 8 41681 5210 1.57 0.132
D4
Table 10 cont.
Nozzle Temp*D_W*D_H 4 44295 11074 3.34 0.011
Nozzle Temp*D_W*Location 8 66447 8306 2.51 0.012
Nozzle Temp*D_H*Location 8 163561 20445 6.17 0.000
D_W*D_H*Location 16 140472 8780 2.65 0.001
4-Way Interactions 116 415848 3585 1.08 0.291
Cooling Fan*Platen Temp*Nozzle Temp*D_W 2 20441 10221 3.08 0.047
Cooling Fan*Platen Temp*Nozzle Temp*D_H 2 2643 1322 0.40 0.671
Cooling Fan*Platen Temp*Nozzle Temp*Location 4 19952 4988 1.51 0.200
Cooling Fan*Platen Temp*D_W*D_H 4 28123 7031 2.12 0.078
Cooling Fan*Platen Temp*D_W*Location 8 17291 2161 0.65 0.733
Cooling Fan*Platen Temp*D_H*Location 8 11890 1486 0.45 0.891
Cooling Fan*Nozzle Temp*D_W*D_H 4 37058 9265 2.80 0.026
Cooling Fan*Nozzle Temp*D_W*Location 8 16589 2074 0.63 0.756
Cooling Fan*Nozzle Temp*D_H*Location 8 7077 885 0.27 0.976
Cooling Fan*D_W*D_H*Location 16 68512 4282 1.29 0.199
Platen Temp*Nozzle Temp*D_W*D_H 4 14952 3738 1.13 0.343
Platen Temp*Nozzle Temp*D_W*Location 8 20239 2530 0.76 0.635
Platen Temp*Nozzle Temp*D_H*Location 8 16081 2010 0.61 0.772
Platen Temp*D_W*D_H*Location 16 52909 3307 1.00 0.458
Nozzle Temp*D_W*D_H*Location 16 78737 4921 1.49 0.102
5-Way Interactions 68 173332 2549 0.77 0.906
Cooling Fan*Platen Temp*Nozzle Temp*D_W*D_H 4 6962 1741 0.53 0.717
Cooling Fan*Platen Temp*Nozzle Temp*D_W*Location 8 13500 1687 0.51 0.849
Cooling Fan*Platen Temp*Nozzle Temp*D_H*Location 8 28097 3512 1.06 0.391
Cooling Fan*Platen Temp*D_W*D_H*Location 16 37858 2366 0.71 0.780
Cooling Fan*Nozzle Temp*D_W*D_H*Location 16 46914 2932 0.89 0.587
Platen Temp*Nozzle Temp*D_W*D_H*Location 16 39638 2477 0.75 0.744
6-Way Interactions 16 49438 3090 0.93 0.532
Cooling Fan*Platen Temp*Nozzle Temp*D_W*D_H*Location 16 49438 3090 0.93 0.532
Error 355 1176148 3313
Total 714
